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DESIGN  AND  PKOPUCTION  OF  HIGHLY  ACCURATE  AND 
STABLE  SURFACE  WAVE  BARKER  CODE  CORR£LAT(»lS 

T.M.  Foster 
C.R.  Vale 
R.L.  Thomas 

WeitlUjjhouse  Defease  and  Electronic  Systems  Center 


ABSTRACT 


A  very  stable  and  precise  30  MHz,  13-blc  Barker  code  correlator 
has  been  developed  for  radar  pulse  compression.  The  correlator 
uses  X-propagatlng  surface  waves  on  an  ST-cut  quartz  substrate  with  A1 
transducers.  A  study  was  performed  to  determine  the  factors  affect¬ 
ing  repeatability  of  the  center  frequency.  The  frequency  was  set  to 
an  accuracy  of  1  KHz  by  making  a  series  of  slightly  different  photo- 
reductions  of  a  master  transducer  pattern  and  selecting  the  reduction 
which  yielded  the  desired  frequency.  In  production  quantities  the 
center  frequency  has  been  repeatable  to  ±  5  KHz  by  carefully  con¬ 
trolling  the  orientation  of  the  photomask  with  respect  to  the  crystal 
axes.  Frequency  deviation  over  the  temperature  range  of  ~40“C  to 
+90*0  has  been  less  than  2  KHz.  By  accurately  controlling  amplitude, 
frequency  and  phase,  a  22  dB  ratio  of  correlation  peak  to  maximum 
side lobe  level  has  been  achieved  compared  to  a  theoretical  maximum 
of  22.28  dB. 


INTRODUCTION 

This  popcL  deuciLbea  the  development  and  production  of  30  MHz 
13  bit  Barker  code  surface  wave  correlators  to  replace  correlators 
(or  decoders)  consisting  of  13  bulk  wave  delay  lines  for  pulse 
compression  In  three  production  radar  systems.  The  Barker  code  Is 
generated  In  these  systems  by  an  electronic  encoder  which  operates 
independently  of  the  decoder,  and  hence,  the  frequency  of  the  decoder 
must  be  Independently  adjusted  to  that  of  the  encoder.  For  proper 
target  detection  these  systems  require  at  least  a  21  dB  ratio  of 
correlation  peak  to  maximum  sldelobes,  compared  with  a  theoretical 
maximum  of  22.3  dB  for  a  13  bit  Barker  code.  In  addition,  the  decoder 
Is  required  to  maintain  this  21  dB  ratio  over  a  temperature  range  of 
-AO^C  to  +90®C.  In  order  to  achieve  this  performance,  the  correlator 
must  have  transducers  with  very  accurate  and  stable  amplitude, 
frequency  and  phase  responses. 


FREQUENCY  CONTROL 


Wc  have  found  }a  practice  that  In  order  to  obtain  a  II  dB  ratio 
of  correlation  peak  to  maximum  sldelobea,  the  center  frequency  of 
the  decoder  must  ba  wlthlu  approximately  8  IQlr  of  the  frequency  of 
the  encoder.  This  can  be  seen  in  Figure  1,  which  ehowa  the  response 
at  the  center  frequency  and  at  9  KHr  away  from  the  center  frequency. 

The  correlation  psak  does  not  decrease  significantly  at  9  KHx  off 
the  center  frequency  but  the  valley  between  the  peak  and  the  first 
sldelobe  Increases  until  It  la  higher  then  the  first  sldelobe, 
decreasing  the  peak  to  sldelobe  ratio  to  21  dB.  Figure  2  shews 
further  degradation  of  the  peak-to-aidelobe  ratio  as  the  f.'cquency 
deviation  increases.  The  response  for  frequency  Increments  of 
approximately  16  IGlt  is  shewn  smarting  with  the  center  frequer^y  at 
the  botcum.  TTie  sldelobos  increase  rapidly  and  the  main  lobe 
decreases  until  the  pcak-to-sldelobc  ratio  reaches  unity  at  apprexi- 
mately  35  KHz  off  the  center  frequency. 

In  order  to  allow  for  possible  frequency  errors  within  the  radar 
systems  other  than  those  due  I'.o  the  decoder ,  the  frequency  devia¬ 
tion  limit  for  the  decoders  was  set  si  ±  5  KHz  instead  of  the  ±  8  KHz 
required  for  the  system.  To  obtain  a  device  with  a  center  frequency 
within  ±  5  KHz  of  the  desired  center  frequency,  the  following  procedure 
was  used:  The  original  photomask  was  made  on  a  computer-controlled 
plotter  at  20  times  the  estimated  final  size.  Since  the  velocity  of 
surface  waves  on  the  quartz  used  was  not  known  to  the  desired 
accuracy,  the  exact  p'.ioto  reduction  ratio  could  not  oe  determined 
without  niakiiig  devices  and  scssuring  the  center  frequency.  The 
camera  was  set  for  a  reduction  of  20:1  and  a  series  of  photo  reduc¬ 
tions  was  msde  near  this  setting  by  moving  the  eexuera  mount  In  small 
lncrer.7ent.i»  to  produce  slightly  larger  and  smaller  reductions, 
corresponding  to  frequency  increments  of  approximately  0.05%.  Devices 
were  vrude  with  each  mask  and  checked  for  frequency  of  best,  correla¬ 
tion,  ThesK  data  points  were  used  to  plot  a  rough  curve  of  frequency 
vs.  camera  settiiog.  Then  another  series  of  masks  was  made  with  0.017. 
frequency  iricrecK^nts  and  centered  at  the  camera  setting  nearest 
30  Milz.  One  of  these  cjaska  was  usirally  the  final  mask  for  making 
the  decoders  in  production. 


device  description 

A  photograph  of  the  decoder  is  shown  In  Figure  3.  The  launching 
transducer  has  7  pairs  of  interdigltel  alumlaum  electrodes  and  the 
receiving  transducer  has  13  sets  of  7  pairs,  rach  In  the  appropriate 
ponltlon  to  yield  the  phase  relationship  necessary  for  deccKling  the 
Barker  coded  signal  ns  it  propagates  along  the  surface.  The  sub¬ 
strate  is  X-propagatlng  RT-cut  quartz.  Tills  cut  was  chosen  because 
It  has  a  surface  wave  velocity  which  is  nearly  constant  over  the 
temperature  range  of  -AO'^C  to  490“C.  Figure  4  shows  tiint  the  jjeak- 
to-sidelobe  ratio  Is  greater  than  21  dB  over  the  temperature  range  of 
-60®C  to  +100®C,  which  Is  a  wider  range  than  the  system  requirement. 


Tho  qo«rt^  oi'bstratc  le  glued  to  a  prl^tou  ^Ivc^lt  board  to  aid 
aascmbly  Into  a  pavkage.  Gold  leads  are  bondud  to  tba  aluminuui 
transducer  pads  uairif  thcnaocompressloa  bonding.  The  other  end  of 
tho  lead  la  bonded  to  the  printed  circuit  board  which  la.  #n  turn, 
connected  to  hermetically  scaled  pins  mounted  in  tho  package.  Trana- 
forot'sra  are  used  at  the  input  anj  out|Uit  to  match  the  lini>adaDcc  of 
both  tranaducure  no  7b  ohms.  A  metal  ahiuld  is  plnced  above  the 
suubtrate  to  prevent  elettromagnctlc  fu^.dthrough  from  tho  input  to 
tho  outpur.,  which  produces  a  spurious  aignal.  A  metal  lid  is  soldor- 
aealod  to  the  ;>ackage  to  prevent  long  te.na  degradetlcn  of  the  oer- 
foruance  duo  to  corrosion  of  the  altmlnum  oi  co'^-donsaticu  of  v'ater 
vftoor  on  the  substmte. 


TREQUENCY  ERRORS 

The  errors  inherent  in  this  manufacturing  process  were  estimated 
in  ordrr  tc  determine  whether  it  would  be  pcaslble  to  produce 
decoders  at  the  correct  frequency  with  a  high  yield. 

There  are  several  possible  sources  of  frequency  error,  which  can 
be  classified  as  cither  errors  in  tha  surface  wove  velocity  or  erroti 
in  the  size  of  the  transducer  pattern.  Size  errors  can  occur  in  the 
photoexposurc  procuss  and  cause  the  decoder  pattern  to  be  longer  or 
shorter  tlian  the  photoiuejK  uitlebS  piOpei  unie  ts  takeu.  Ths  use  o.C 
colliioatcd  light  greatly  reduces  size  errors,  however,  and  wc 
catlinate  that  the  total  frequency  error  «luf  to  incorrect  size  la 
leas  than  100  Rz. 


Much  larger  frequency  errors  tan  result  trom  liaving  deviations 
from  the  correct  surface  wave  velocity.  One  aource  of  theeo  velocity 
erroro  is  mli^orlentatioii  of  the  patcern  with  respect  to  the  trybtal 
ay.^B.  Since  the  pattern  is  registered  with  respect  to  a  refcreuce 
edge,  an  error  in  the  orientation  of  the  pattern  or  the  cvystal  axet 
with  respect  to  this  edge  can  cause  velocity  end  frequency  errors. 

Out  calculations  of  lieouencv  errai  alu'iw  that  X-oxIh  mlsreffistratl or, 

a  v 

wllJ  caube  no  more  than  S'+  Vt  dovlatioo.  froa\  the  dcoix".d  frequency. 


The  most  serious  error  oc.cvivs  »?;  a  result  of  deviation  of  the 
quartz  cry:,it6l'8  face  normsil  from  the  destved  direction.  The  surface 
wave  velocity  at)  a  function  of  the  direction  of  the  piste  r.ormal  ie 
shown  In  Figure  5.  ^  ilT  -cuf  quartz  c<3x'resi>oi)is  to  an  angle  of  132.75* 
on  this  graph.  The  slope  of  velocity  vs.  angle  at  thin  point  is 
approximately  0.  V'v  uwters  pec  isecond  per  angular  degree.  Crystal 
m.s.nufactucei'8  cun  hoLi  the  face  nonual  to  ±  15  minutes  of  arc  for 
subsr.rctes  cut  from  di.Cferent  crystals  and  to  less  than  15  minutes 
lor  substrates  cut  frotu  the  same  crystal.  This  angular  error  corres¬ 
ponds  to  a  frequin\cy  error  of  ?.,3  KHz, 
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Ai3^$:h«r  post  lb  l«  toucc^^  of  frtqMiu:/  trror  It  tht  vtrittion  of 
t‘<.xf«ct  «oLoclty  item  quti;tt  oi>>tttI  to  toothtr  dut  to 
c»ve*t  otbtr  thtn  txlt  nftrtAiatvttiou*  tucb  at  lapuirlMtt  Id  tbt 
q'cwrts.  CryttaX  ■aoufactiutta  do  doc  tptclfy  tht  turfaot  vtrt 
volocit?  to  the  2  parts  la  l(r^  praciaLoo  raqulrad  to  ottura  a  frt- 
<;^u«tocy  ti^^uracy  of  bttttr  thaa  KUc  out  of  30  Mis.  Houarort  tbs 
valoclty  '.uilfor«lty  from  ooa  batvih  of  quarts  to  anothar  hat  baaa 
aacnllaot,  aod  last  than  lOX  of  approaitMtaly  200  dacodtrs  iMda  In 
production  to  dtta  bava  baan  aora  than  A  3  131s  froa  tba  cantar  fra- 
qusney. 


CONCLUSION 

Id  cooclutloa,  a  30  HHs  bulk  wtva  Barkar  dtcodar  hat  baan 
rapl*!-;ad  in  production  by  a  turfact  uava  tappad  Itna  dtcodar  which 
achlt'jat  a  21  dB  paak-to-tldaloba  ratio  and  a  fraquancy  accuracy  of 
A  5  iOir.  ovtr  a  ca^paratura  raoga  of  **60*0  to  ■fl00*C. 


rOOTHOTSS 

1.  A.Ji-  Siohwlnik,  Jr.  aod  E.D.  Conway,  Mlcrowtva  Acoustics  HeaJbook. 
Voltssa  1,  AFCRL- 7 0-0104,  Air  Forca  Ctnbrldge  ^lataa*'?h  La^oratorlat. 
1970,  p.  59.  ' 
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Figure  1 


13  Bii  Barker  at 


13  Bit  Barker  at  fQ-i^SKHz 
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Decoder  Response  When  Peak-to-Sidelobe  Level  Decreases  Below  21  dB 
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LOW  DISPE31SION  VHP  SURFACE  WAVE 
ACOUSTICAL  FILTER 
J.  Acevedo^  R.  A.  Moor«,  H.  Jones 
Westinghouse  Electric  Corporation 
Systems  DeveLopment  Division 
Baltlsiore,  Maryland  21203 


ABSTRACT 


A  low  dispersion  filter  has  been  developed  at  70  MHz  using  surface 
wave  acoustics.  The  filter  has  a  -0,3  dB  bandirijdth  of  7  MHz  and  a  skirt 
selectivity  which  provides  a  fall-off  from  -0,3  dB  to  -35  dB  in  2  MHz, 
Group  delay  ripple  is  limited  to  +  25  nanoseconds  out  of  a  total  delay 
of  2  micros scorjds,  Filtsr  synthsssn  at  cthsr  frequsnciss  are  easily 
obtained  by  using  existing  computer  programs. 
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Great  progress  has  been  made  by  numerous  authors  in  demonstrating  the 
essential  properties  of  filters  utilizing  acoustic  surface  waves.  The  type 
filters  being  discussed  sre  those  which  consist  of  a  series  of  intei '’igital 
fingers  on  the  surface  of  a  piezoelectric  crystal  or  piezoelectric  fila  on 
a  nonpiezoelectric  crystal.  The  interdigital  finger-pairs  are  spa-ed  ;jn 
approximately  half  wavelength  centers  such  that  the  electrical  field  stiuctvre 
is  in  synchronization  with  the  acoustic  wave  for  the  center  frequency  band 
of  the  transducer.  The  geosnetry  of  a  surface  wave  filter  is  euch  that  if 
the  adjacent  finger-pairs  ore  of  alternating  polarities  the  field  lines 
between  the  electrodes  generate  acoustic  waves  that  propagate  in  both  directions 
undei’neath  either  transducer.  The  secondary  transducer  thus  receives  half 
the  energy. 

Work  has  been  carried  out  by  different  investigators  toward  providing 
an  adequate  description  of  the  surface  wave  transduction  procesc  and  charact¬ 
eristics  related  thereto.  Much  of  this  work  has  been  based  on  the  assumption 
that  the  energy  coupled  at  each  finger-pair  is  very  small  compared  to  the  total 
energy  which  passes  by  the  transducer.  This  assumption  is  the  basis  for 
using  the  impulse  response  model  described  by  Tancrell  and  Holland  in  the 
March  *71  issue  of  IEEE.  This  result  is  identical  to  that  generated  previously 
using  an  equivalent  circuit  model  by  Smith,  st.  al.,  in  the  IEEE  Transactions 
on  Mcrowave  Theory  and  Techniques,  1969.  In  both  cases  it  was  shown  that 
the  frequency  response  of  transducers  can  be  represented  by  a  Fourier  trans¬ 
form,  Much  design  work  has  been  reported  in  the  literature  based  on  this 
approach  to  calculate  properties  of  surface  wave  acoustic  filters. 

This  approach  has  succeeded  in  explaining  the  major  characteristics  of 
surface  wave  acoustic  filters.  Perhaps  the  most  desirable  characteristics 
in  acoustic  surface  wave  filters  is  their  reproducibility.  In  principle  if  a 
filter  of  a  given  bandpass  and  dispersion  characteristic  is  designed  it  can 
be  reproduced  to  an  exceedingly  high  degree  of  precision  at  low  cost.  This 
should  make  the  filter  particu].arly  useful  for  applications  in  which  a  large 
number  of  filters  are  needed.  The  present  design  approaches  which  make  use 
of  the  assumption  that  the  acoustic  wave  is  sampled  lightly  at  each  finger- 
pair  provides  an  excellent  means  for  achieving  gross  filter  characteristics. 

It  cannot  be  used  to  achieve  the  very  low  dispersion  characteristics  which 
was  the  objective  of  the  filters  to  be  described.  It  will  be  shown  that  a 
very  pronounced  phase  shift  is  due  to  the  loading  used  to  set  up  the  metallic 
finger  pattern.  Key  deficiencies  of  the  lightly  sampled  approach  are  the 
ignoring  of  the  direct  loading  of  the  metallic  finger  pattern  and  the  periodic 
loading  of  the  electric  circuit. 

There  are  some  efforts  being  expended  in  order  to  achieve  improved 
description  of  surface  wave  transducers.  None  have  been  applied  to  low 
dispersion,  flat  top  frequency  response,  filters.  The  authors  have  improved 
on  the  lightly  coupled  sampling  approach  bj-  creaiin,^  a  periodic  loadiiv^  of 
the  piezoelectric  surface.  This  loading  leads  to  periodicity  which  causes 
an  attenuation  in  a  portion  of  the  filter  bandpass.  The  presence  of  the 
metallic  loading  leads  to  a  15-25  nsec  time  delay  discontinuity  at  the  center 
frequency  of  the  filter.  This  corresponds  to  a  five  degree  change  in  slope 
of  the  phase  <  haracteristic  at  the  same  point. 
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With  very  lightly  coupled  materials,  such  as  quartz,  reasonably  good 
results  can  be  obtained  using  only  the  Impulse  model.  Pixjperties  of  quartz 
can  be  made  relatively  insensitive  to  temperature  for  appropriate  pixipagation 
directions.  Thus  quartz  is  the  clear  choice  vfhere  precise  vrork  is  desired. 
This  seme  consideration  was  involved  in  the  Barker  Code  Peiiiod’'ilator  dcocribm? 
in  a  paper  by  Thomas,  et.  al.,  at  the  Ultrasonic  Sj'raposium  in  December  1971. 
The  design  of  that  filter  required  a  condensation  for  a  4  c'il  attenuation 
along  the  length  of  the  filter.  Many  detailed  char-'ct eristics  of  the  sub¬ 
strate  as  well  as  the  synthesis  technique  must  be  considered  to  achieve  a 
good  reproduction  of  the  decoded  Barker  signal. 

Since  the  frequency  characteristics  can  be  represented  as  the  Fo\irler 
transform  of  the  active  finger-pair  lengths,  synthesis  is  then  based  on  the 
following  procedure: 


(l)  Computation  of  active  finger  lengths  to  provide  desired  frequency 
bandpass  by  using  an  iroptise  response.  For  the  square  frequency 
response  filter  this  would  be  a  ° ~  except  for  the  finite  length 
of  the  transducer.  A  good  approximation  is  achieved  by  suitably 
tapering  the  -  time  side  lobe  amplitudes. 


(2)  Computation  of  frequency  response  of  two  cascaded  transducers 
representing  the  input  and  output  of  the  filter.  We  have  used 
constant  finger  overlap  lengths  for  the  second  transducer.  (By 
virtue  of  reciprocity  it  is  Immatertal  whether  the  frequency 
selective  or  constant  finger  length  overlap  transducer  is  used  as 


.  . . •kA.dUW  *  V*  %•  V 
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one  arrangement  or  the  other.  We  shall  refer  to  the  frequency 
selective  transducer  as  the  primary  and  the  consttmt-finger-overlap 
transducer  as  the  secondary  element.) 


(3)  Optimization  of  response  of  two  transducers.  By  virtue  of  the 

linearity  of  the  Fourier  transform,  the  active  region  of  the  fLlter 
is  divided  into  N  (N  =  100  for  our  program)  "channels’'  as  shown 
in  Figure  1. 


Each  transducer  finger  intersecting  a  particular  channel  must,  because  of  the 
interger  finger  length  constraint,  launch  or  receive  acoustic  waves  uniformly 
over  the  width  of  that  channel.  Due  to  the  assumed  linearity  of  the  acoustic 
medium,  the  transmission  through  a  single  channel  is  equed.  to  the  sum  of 
the  transmission  between  each  launching  finger  edge  and  each  receiving  finger 
edge.  Furthermore,  because  of  the  assumed  nonattenuation  of  the  propagating 
wave  and  the  assumed  equipotential  of  all  conductively  coiuiected  points,  the 
channel  transmission  (except  for  delay)  between  any  launching-receiving  pair 
of  fi.nger  edges  is  the  same  as  between  any  other  pair. 

The  program  developed  takes  each  of  the  100  cliannels  of  the  active 
region  in  turn,  computes  the  transmission  through  that  particular  channel 
and  adds  this  contribution  to  a  running  sum  of  all  channel  transmissions* 
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Thie  arrangement  for  cor,iputation  of  the  frequency  respenae  of 

the  two  tranaducere  aa  a  un.Lt.  OptlrofEatlcf.  waa  then  carried  cut  by  letting 
each  finger  in  sequence  occupy  a  frester  or  lesser  nianber  of  cliannels.  The 
optlnization  routine  ptop;  wnou  no  irjpi’ovsment  can  be  obtained  by  varying 
the  length  of  any  firsgtr. 

The  remainder  of  this  paper  will  be  a  discussion  of  two  filters  that 
were  developed  with  the  objective  of  providing  diaperaionlesa  operation 
with  steep  filter  skirts  and  a  nominally  flat  response.  Figure  2  shows 
thr  interdigital  structiure.  Quartz  was  used  for  the  filter,  metallization 
is  evident  by  virtue  of  the  lighter  color.  The  time  side  lobes  of  the  filter 
are  tapered  to  an  approximate  cosine  pattei-n  in  order  to  provide  an  optimum 
square  shape  for  the  frequency  losponso.  The  detailed  taper  of  the  side  lobes 
is  modified  by  the  synthesis  procedure  described  earlier. 

The  properties  of  the  filter  are  illustrated  by  Figure  3*  shows 

the  center  frequency  of  70  I€Iz  with  steep  filter  skirts  and  low  spurioun 
response.  The  bulk  of  this  spurious  response  are  bij'c  waves  which  go  through 
the  crystal,  reflect  and  cane  back  to  the  surface  to  interact  wi+h  the 
secondary  transducer.  Since  these  can  all  be  eliminated  with  surface  treatment 
they  will  not  be  considered  further  here.  Figure  4  shows  rooie  detailed 
characteristics  of  the  amplitude  response  as  well  as  the  phase  ciiaracterlstics. 
Except  for  a  slightly  attenuated  region  in  the  upper  half  bandpass  this 
response  appears  to  be  that  of  a  reasor^bly  rounded  top  filter  with  some 
minor  periodicities  thro\ighout  the  bandpass  region.  These  minor  periodicities 
in  amplitudes  vary  between  a  tenth  and  2/lOth  of  a  dB  and  are  largely  due  to 
multiple  reflections  in  the  crystal.  Most  of  which  can  be  elimi.nated  by 
proper  surface  treatment.  The  triple  transit  echo  can  also  be  suppressed  by 
taking  reasonable  precaution.  It  should  also  be  noticed  that  the  phase 
characteristic  is  a  straight  line  except  for  a  break  at  the  center  and  the 
same  periodicities  which  amount  to  approximately  a  ripple  of  +  2  degrees. 

In  addition  to  these  pariodicltles  however,  the  phase  characteristics  have  a 
distinct  break  in  vdiich  the  phase  shifts  from  approximately  7  degrees  per  MHz 
to  approximately  12  degrees  per  MHz  or  a  difference  of  about  5  degrees.  Since 
the  phase  slope  is  relative  only  the  difference  is  significant.  This  change 
in  phase  slope  levels  to  a  distinct  delay  step  in  the  approxiiJate  center  band 
frequency  of  70  MHz.  It  should  be  noted  that  except  for  this  distinct  shift 
in  slope,  phase  is  substantially  dispersionless  across  the  bandpass  and  shows 
no  tendencies  to  be  dispersive  even  at  the  band  edges. 

Figure  5  shows  the  group  delay  characteristics  of  this  filter.  We  can 
see  that  there  are  numerous  periodicities  with  frequencies  of  3CX1  and  600  KHz 
and  they  can  be  related  to  the  foreraentioned  effects. 

The  ciorved  top  of  this  filter  was  due  to  the  fact  the  synthesis  was 
carried  out  ignoring  the  characteristics  of  the  secondary  transducer.  Figure  6 
shows  a  flattened  top  amplitude  response  by  including  the  secondary  transducer- 
in  the  synthesis.  The  response  is  reasonably  flat.  It  should  be  noticed 
that  the  same  bulk  acoustic  wave  leakage  is  evident.  Figure  7  shows  a  more 
detailed  view  of  the  amplitude  response  and  the  fine  periodicities  of  the 
group  delay  response.  They  are  clearly  multiple  reflections  of  both  s\u*face 
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and  bulk  wavea  which  can  be  controlled,  as  mentioned  before,  by  suitable 
treatment  of  the  eurfaces.  The  large  periodicity  acroes  the  bandpass  was 
a  psi't  of  the  eynthesiaod  pattern  by  virtue  of  a  requirement  placed  on 
the  program,  "nius  only  the  relativel.v  fine  periodicities  represent  deviations 
from  the  computed  response  which  io  within  +  l/lOth  of  a  dB  except  aa  will 
be  shown  in  the  nex!.  figure.  Figure  B  sup'orin^oscs  the  experimental  and 
calculated  responeea  of  the  filter.  The  computed  response  is  flat  top  except 
for  the  periodicity  .'uentionod  earlier  and  a  slope  which  represents  quarter 
wave  len^rth  periodi.  ity  of  the  equivalent  circuit.  The  measured  response 
is  in  good  agreement  i/ith  computed  response  below  the  ceniei’  frequency.  A 
nonsymmetric  attenuit'ion  along  with  the  break  in  the  phase  characteristics 
of  the  previous  filter  la  due  to  metallic  loading  of  the  piezoelectric 
surface. 


Tl\e  essential  effect  of  the  metallic  loading  can  be  analyzed  by  the 
straight  forward  development  of  the  propagation  constant  of  electromechanical 
energy  along  the  periodic  transmission  structvu'e  for  which  an  expression  is 
available,  for  example,  as  from^Mathai  and  Young  page  385.  Figm*e  9  shows 
the  maximum  attenuation  versus  -  . 

Two  curves  are  shown,  one  for  attenuation  in  dB  per  finger-pair  and  one 
for  25  finger-pairs.  Since  the  attenuation  is  due  to  both  primary  and 
secondary  transducers,  this  is  typical  of  the  filters  described  in  this  paper. 


If  vre  take  the  filter  of  Figure  3>  ss  an  example.  Figure  10  then  shovra 
that  for  a  value  of  0.11  percent,  a  reasonably  good  match  with  the 

predicted  attenuation  is  achieved,  Ihis  figure  indicates  the  size  of  the 
attenjmtlon  due  to  the  periodic  metallic  structure.  This  particular  comparison 
(for  0,11  peiceuL)  appears  to  agree  very  well  vd.th  the  computed  resvOts. 
This  same  figure  shows  the  modified  phase  characteristic  due  to  the  band 
stops.  The  five  degree  per  IIHz  break  in  phase  characteristics  is  at  least 
j^easonably  close  to  the  value  of  four  degrees  calculated  for  the  abeve  value  of 
•  It  then  appears  that  the  nonsymmetry  of  the  single  filter  can  be 
explained  in  terms  of  periodic  metallic  loading  due  to  the  finger-pairs.  It 
is  thus  necessary  that  this  periodic  loading  be  introduced  into  the  synthesis 
process  when  filters  are  designed  in  order  to  achieve  low  dispersion  surface 
acoustic  wave  filters.  Based  on  the  results  of  this  study,  for  instance,  if 
the  affected  phase  break  of  four  degrees  is  introduced  into  the  synthesis 
process  the  residual  phase  1  degree  break  would  correspond  to  the  difference 
between  the  actual  five  decrees  shown  measured  in  an  earlier  fig'ore  sucii  that 
the  actual  break  would  be  1  degree.  Similarly  if  the  attenuation  characteristic 
is  suitably  synthesized  to  within  +  l/lOth  of  a  degree  a  filter  reproducible  to 
a  +  l/l0t.h  of  a  degree  should  be  feasible,  V/ith  these  improvements  the  surface 
vrave  acoustic  filter  should  be  amenable  to  synthesis  in  many  applications 
requiring  a  large  number  of  filters  with  precise  reproducibility  at  a  low  cost. 


It  should  be  noted  that  the  attenuation  due  to  the  nietalization  periodicity 
is  insufficient  to  explain  the  difference  between  the  computed  and  measiired 
bandpass  characteristics  of  the  flat  top  filter  (Figure  6).  Since  the  posit ve 
slope  of  this  filter  is  directly  attributable  to  the  cross  field  model,  we 
must  directly  question  the  use  of  this  model  vs  the  in-line  model  for  quartz. 
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Though  thi-  cvoaa  fleXd  mode]  has  been  shown  preferable  „for  TJLthluia  t^pbate« 
it  has  not  been  shown  to  be  viable  for  quarts*  i 
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Fii^e  3:  Over/Ol  Filter  Response  (CC8^  5). 


Detailed  View  of  Filter  Responae  (CCW  5). 
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Figure  5:  Gro^jp  Delay  (Jiaracteriatics  (CCM  5). 
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Figure  6:  Square  Top  Filter  Response  (CCM 


Fi/^iore  10:  ConqDttted  and  Ebqjerimentali.  Resiilts  for  &  z/a  =  .11,?  (COM  5) 


MATCHED  FLITTERING  WITH  SURFACE  ACOUSTIC  WAVE  DEVICES 
G.  Chao  and  T.  R.  Larson 

Naval  Research  Laboratory »  Washington,  D.  C.  20390 


ABSTRACT 

A  review  Is  made  of  the  present  state  of  surface 
wave  matched  filters.  Recent  work  at  the  Naval 
Research  Laboratory  and  other  laboratories  In  phase 
coded  and  frequency  modulated  devices  Is  described, 
and  salient  features  of  various  matched  filters  are 
presented. 


SUMMARY 

Within  the  past  few  years,  advances  in  surface 
acoustic  wave  (SAW)  technology  have  resulted  In  the 
compact  Implementation  of  a  variety  of  matched 
filtering  aevices  ranging  from  bl-  and  poly-phase 
coded  tapped  delay  lines  to  linear  and  nonlinear 
frequency  modulated  devices.  The  purpose  of  this 
paper  Is  to  report  on  the  state  of  the  rapidly 
developing  surface  wave  technology,  to  present  recent 
work  at  the  Naval  Research  Laboratory  and  several 
other  laboratories  and  to  summarize  the  salient 
features  of  the  various  surface  wave  matched  filter 
implementations . 

Conventional  photolithographic  processes  limit 
transducer  patterns  to  line  widths  of  about  one 
micron.  This  corresponds  to  an  operating  frequency 
of  about  800  MPz  on  commonly  used  material  such  as 
lithium  nlohate  (LlNbO^)  and  quartz.  With  computer 


controlled  scanning  electron  beaus,  line  widths  of  a 
tenth  micron  with  line  stabilities  of  0.03  microns  are 
being  achieved.  Nevertheless,  many  matched  filtering 
devices  are  being  fabricated  with  center  frequencies 
below  100  MHz  because  of  various  system  considerations 
and  consequently,  the  critical  parameter  Is  time  delay 
or  equivalently  propagation  length.  Transducer 
patterns  of  up  to  six  Inches  long  and  longer,  contain¬ 
ing  thousands  of  individual  metallized  lines  have  been 
fabricated  and  time-bandwidth  products  into  the 
thousands  are  presently  being  achieved.  Fig.  1  shows 
a  few  representative  delay  lines  developed  at  Hughes 
Aircraft  Company.  These  are  circulating  and  re¬ 
flecting  100  microsecond  delay  lines  consisting  of  two 
50  microsecond  linearly  dispersive  transducers  on 
ST-cut  quartz.  The  center  frequencies  range  from  30 
to  60MHz  with  compression  ratios  varying  from  560:1 
to  2000:1, 

One  of  the  simplest  methods  of  achieving  matched 
filtering  with  SAW  devices  is  to  phase  code  a  tapped 
delay  line.  Bl-phase  M  sequence  codes  have  been 
implemeuteu  with  i'espouseo  Very  near  the  thecrctical 
limits.  However,  bt-phase  codes  are  inherently 
restricted  by  relatively  high  tin»e  sldelobes,  and 
consequently,  poly-phase  and  complimentary-pair  codes 
have  been  investigated.  Although  perfect  cancellation 
of  sldelobes  is  theoretically  possible  in  these  cases, 
practical  values  of  about  -25  dB  are  being  achieved. 

Although  basically  nondisperslve,  surface  wave 
delay  lines  may  be  made  dispersive  by  proper  trans¬ 
ducer  design.  Linear  and  nonlinear  FM  matched 
filterc  have  been  proposed  along  with  various  weight¬ 
ing  procedures.  Fig.  2, provided  by  North  American 
Rockwell,  shows  the  dispersion  of  a  representative 
transducer  pattern  designed  for  300MHz  operation  on 
ST-cut  quartz,  but  deposited  on  a  faster  substrate, 
aluminum  nitride  on  sapphire (AiN/Ai203 ) •  Although 
not  designed  for  AI.N/AX2O3,  the  transducer  behaves 


very  well  and  demonstrates  one  advantage  of  AlS/Kl2^2’' 
the  extension  of  the  bandwidth  of  SAN  devices  with 
existing  transducer  technology. 

The  pulse  expansion  and  compression  properties  of 
the  transducer  pattern  of  Fig.  2  deposited  on  Sl-cut 
quarts  are  shown  In  Fig.  3,  indicating  very  good 
characteristics  and  near  theoretical  time  side  lobe 
levels. 

A  conservative  estimate  of  conq>re8sion  ratios 
possible  for  various  substrate  materials  is  given  in 
Fig.  4  suggesting  that  compression  ratios  of  10,000:1 
and  more  may  be  achieved  in  the  very  near  future. 

Within  the  past  few  years,  matched  filtering 
with  surface  acoustic  waves  has  yielded  devices  with 
ever  increasing  compression  ratios.  Delay  lines  with 
ratios  In  Che  thousands  are  being  fabricated  and  new 
materials  and  advances  in  transducer  technology  px'omlse 
even  higher  performance. 
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Figure  1:  Photograoh  of  several  100  microsecond  delay 
lines  with  compression  ratios  to  2000:1 
(from  Hughes  Aircraft  Company) 
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Figure  2:  AjtN/AjJ^Og  dispersive  delay  line  (from  North 
American  Rockwell) 
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Figure  4:  Performance  limits  of  various  surface  wave 
delay  line  substrates  (from  NAR) 


30 


IC  PACKAGSS  AND  RBKMETICAI^LY  SEALED>1N  OONTAMINMrTS  ' 

■  .  .. 'I 


R,  W,  Thonaa 

Rooia  Air  DevelopmeuC  Canter,  Griff 'aa  AFB,  H.Y. 


.  1 


ABSTRACT 


An  estenaive  analyala  of  gaa  In  intogratad  circuit  packages 
has  revealed  a  lack  of  adequate  control  by  the  seoiconductor  in¬ 
dustry.  Contamination  mechaniams,  gaa  analysis  procedures,  fine 
and  gross  leak  test  inadequacies,  and  apecification  reconrendations 
will  be  discuased. 
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1C  PACKAGES  AND  HERMETICALLY  SEALED' IN  CONTAMINANTS 


R.  W.  Thomas 


RELEVANCY 

An  extensive  analysis  of  gas  in  integrated  circuit  (1C)  pack- 
ages  has  revealed  that  there  are  wide  variations  in  the  ambient  gas 
from  lot  to  lot,  manufacturer  to  manufacturer,  and  with  different 
package  designs.  These  uncontrolled  gas  ambients  became  relevant 
when  RADC  found  that  a  high  percentage  of  field  failures  returned 
for  analysis  contained  large  amounts  of  water  vapor.  Further,  it 
was  found  that  water  vapor  behaved  as  a  necessary,  but  not  always 
sufficient  condition  for  failure,  the  most  noted  exception  being 
the  distilled  water  electrochemical  etching  of  nlchrome  resistors 
In  radiation  hardened  circuits. 

The  contamination  of  the  chip  ambient  has  become  more  prev¬ 
alent  with  the  proliferation  of  ceramic  packages  and  solder  seal¬ 
ing  glasses.  The  entire  blame  for  hermetically  sealing  water  and 
other  contaminants  in  the  packages  cannot  fully  be  laid  on  the 
semiconductor  industry.  MIL-M-38510  and  MIL-STD-883  did  not 
specify  Che  remaining  chip  ambient  after  sealing.  Even  more  im¬ 
portant,  there  was  no  data  available  which  geve  tolerance  levels 
for  integrated  circuits  iu  general  or  specific  device  types  In 
particular.  Further  Investigation  revealed  that  quantitative 
water  analysis  was  very  difficult  and  that  few  companies  could 
afford  the  equipment  necessary  for  such  an  analysis. 

After  establishing  through  failure  analysis  that  hermeti- 
cal].y  sealed-ln  contaminants  were  a  real-world  problem  both  in 
state-of-the-art  devices  and  those  which  have  been  in  the  field 
for  several  years,  a  program  was  Initiated  to  develop  an  accurate 
gas  analysis  facility.  Such  a  facility  now  exists  at  RADC.  The 
development,  design,  system  sensitivity,  and  the  results  of  an 
extensive  1C  gas  analysis  program  are  the  subject  matter  of  this 
presentation. 


RADC  C^S  ANALYSIS  SYSTEM 


The  system  fabricated  at  RADC  for  package  gas  analj'sls  has 
been  under  continuous  development  for  three  years.  The  prescnit 
version  was  fabricated  entirely  from  stainless  steel,  with  copper 
sealed  ultra-high  vacuum  flanges  and  welded  stainless  f>cee>  b?]l..Ow? 
valves.  Ultra-high  vacuum  fabrication  techniques  such  as  uotr.hing 
the  internal  machine  screws  for  gas  relief,  pol'-sblng  larpe  surface 
areas,  and  minimizing  internal  volume  were  vitally  important  in 
achieving  maximum  performance.  Materials  such  as  glcss,  totlont 
vlton,  and  vacuum  grease  were  removed  from  the  iystem  as  oii5^1nally 
designed  to  obtain  low  outgassing  rates.  The  present  system  is 
shown  in  figures  1  and  2. 
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PACKAGE  OPENER 
FIVURC  2 


The  Icnlsaf-looi  gaugn  was  renoved  troM  t?'e  original  system  after 
It  was  fouutl  to  be  the  cause  of  secondary  reactions  and  regurgita¬ 
tion.  The  Ion  gai'ge  was  replaced  with  a  dlgjtrl  capecltlve  nianoiaeter 
which  has  a  low  outgasslng  rate  and  makes  an  excellent  isass-lndepen-' 
dent  calibration  system. 

To  open  the  package ^  a  hardened  .<ste?.l  ncs'dle  either  punctures 
or  splits  the  package  depending  on  the  package  material  or  design. 

Up  to  twenty  packages  may  be  mounted  on  an  indexed  rotaLj,ng  holder 
and  analysed  during  one  vaciua  cakeouii::  cycle. 

Tlie  system  volume  was  de.slgned  so  that  the  expanding  gas  from 
a  flat-pack  resiilts  In  v  system  pressure  of  1  x  lOT^  torr,  the 
high  prescure  limit  of  the  quudcupole  mass  spe-ctrometer.  To  accom¬ 
modate  larger  packages,  a  ballast  is  waived  Into  tbs  system  and 
adjusted  to  obtain  the  proper  pressure. 

In  making  quantitative  gas  analysis  measurements,  one  Is  con¬ 
fronted  with  an  overwUeloing  number  of  imss-selectlve  and  gas 
history-sensitive  mechanisms.  For  instance,  all  leak  valves, 
vacuum  pumps,  ionizing  chambers  and  electron  multipliers  are  mass- 
selective  devices.  The  electron  multiplier  and  Ion  pump  are 
particularly  gas  history-sensitive.  To  make  the  analysis  even  more 
complicated,  it  was  experimentally  determined  that  once  the  package 
was  opened,  each  gas  specie  diffuses  from  the  package  at  a  different 
rate.  It  quickly  became  evident  that  only  a  dedicated  computer, 
operating  In  real  time,  could  analyze  and  correct  for  e  number  of 
variables  operating  simultaneously. 

SYSTEM  PARAMETERS 

The  system  scans  the  mass  range  from  1.  to  100.  atomic  mass 
units  In  one  second.  The  absolute  accuracy  is  presently  l.%  of  the 
constituent  measured.  The  sensitivity  of  the  system  is  constituent 
dependent  and  varies  from  10.  parts  per  billion  for  oxygen  to  6 
parts  per  million  for  water  and  hydrogen.  All  other  gases  fall 
Into  this  range.  At  the  time  of  writing,  this  is  considered  to  be 
state-of-the-art.  It  is  expected  that,  by  improving  vacuum  tech¬ 
niques  and  using  more  sophisticated  statistical  aualyslu  pro¬ 
cedures,  these  system  parameters  will  continually  improve. 

R^C  IG  GAS  ANALYSIS  PROGRAM 

RADC  is  currently  conducting  o  multilevel  program  to  solve 
the  sealed-in  contaminants  problem.  An  ultra-clean  package  seal¬ 
ing  system  is  currently  under  development.  This  system  will  seal 
controlled  quantities  of  contaminants  into  IC  packages  to  deter¬ 
mine  tolerance  levels  of  sensitive  cltcidts  to  water  vapor  and 
other  contaminants.  The  sealer  will  also  permit  the  packaging 
of  standard  ambients  for  round-robin  calibration  and  sensitivity 
checks  of  other  gas  analysis  syeteus. 
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Lot  sisapling  of  new  devices  end  packages  will  be  expanded. 
This  will  allow  various  aeallng  systems  to  be  fingerprinted  by 
ntaas  spectrometry  to  detect  possible  changes  or  degradation  in 
sealing  integrity  and  purity. 

Working  In  cooperation  with  the  Physics  of  Failure  Labora¬ 
tory  at  RADC,  a  considerable  amount  of  data  has  been  gathered 
on  coQtamlnatlon-produced  failure  oechanlsms.  A  brief  synopsis 
of  this  work  is  Included  In  the  following  section.  This  work 
will  be  expanded  to  include  a  study  of  the  effect  of  various 
stresses  on  the  chip  ambient. 

The  components  foimd  In  some  1C  packages  Indicate  that 
some  additional  work  should  be  done  on  the  effectiveness  of 
present  fine  and  gross  leak  tests. 

RESULTS  OF  GAS  Al^ALYSlS  INVESTIGATION 


A  small  hut  significant  percentage  of  the  packages  opened 
contained  residual  amounts  of  helium  and  freon.  This  led  to 
further  experimentation  and  the  discovery  that  water,  freon, 
and  neon  could  be  Inserted  into  the  "hermetically"  sealed  pack¬ 
age  by  a  one-way  thexmomechanlcal  valve  action  at  the  lead 
frame,  if  the  package  vas  bombed  at  an  elevated  temperature 
(150OC.). 

Water  was  found  in  IC  packages  in  amounts  exceeding  eight 
titnoB  the  Witter  contained  In  air  at  50. X  relative  humidity  and 
25.0  C.  The  circuit  failures  in  these  packuges  were  directly 
related  to  the  excess  water. 

The  thermal  otresslng  of  ceramic  IC  packages  will  increase 
the  water  and  carbon  dioxide  content  at  lower  temperatures 
(150. °C.) I  and  change  to  methane  and  hydrogen  at  temperatiires 
of  350. <^0,  This  observation  can  be  directly  related  to  Im¬ 
proper  curing  of  the  binder  used  In  the  sealing  glas:^. 

From  the  analysis  of  more  than  fifty  samples  from  a 
particular  manufacturing  line  it  was  possible  to  observe 
groupings  in  the  gas  composition.  Changes  in  this  fingerprint 
indicated  changes  In  the  Dealing  frit,  purge  gas,  oven  sealing 
ambient,  and  procedural  changes  In  the  sealing  operation. 
Feasibility  vs  a  demoiystrated  in  establishment  of  norms  for 
specific  packages  and  sealing  procedures,  which  could  then  be¬ 
come  the  basis  for  lot  acceptance  specifications. 

CONCLUSION 


The  conclusion  is  self-evident.  There  is  a  definite  need 
at  the  present  tijue  fer  a  hard  look  at  the  presently-used  seal¬ 
ing  procedures,  gas  analysis  tectmlques  and  specifications  for 
ensuring  an  inert  chip  auiblent.  RADC,  throu^^h  Its  Air  Force 
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ABSTRACT 


Ihls  paper  describes  a  microcircuit  packaging  approach  which 
eliminates  flying  wire  bonds,  a  major  failure  mode  in  microcircuits, 
and  utilizes  beam  leads  formed  independently  from  the  active 
devices.  Both  Intra-  and  interconnections  arc  made  with  beam  leads 
thereby  eliminating  all  flying  wire  bonds.  BLIP^  is  a  multilayered 

micropackaging  concept  that  is  keyed  to  a  disciplined  system  of 
component  management,  interconnection  requirements  that  include 
Integral  beam  leads,  assembly  processes  and  testing  of  the  in- 
process  or  canpleted  functional  circuit. 


I.  INTRODUCTION 

Hybrid  technology  has  been  highly  successful  in  achieving  a  dramatic 
reduction  in  size  and  weight.  The  density  and  complexity  of  today's 
hybrid  circuits  have  led  to  new  approaches  in  fabrication,  such  as 
multilayer  conductors  and  beam  leaded  or  flip-chip  Integrated 
circuits . 

A  major  disadvantage  of  the  present  methods  of  microcircuit  packaging 

has  been  that  of  cumulative  processing  with  an  inability  to 

functionally  test  the  circuit  until  after  final  assembly  when  the 

majority  of  labor  and  material  costs  have  been  expended.  BLIP^ 

in 

makes  use  of  parallel  processing  with  functional  testing  capability 
prior  to  commitment  of  costly  naterial  such  as  integrated  circuits. 

II.  THE  BLIP  CONCEPT 

The  major  features  of  BLIP  are  illustrated  in  Figure  1.  The  die 
plate  is  composed  of  a  photopolymer  ituiterial  laminated  to  a  base 
plate  which  may  be  a  standard  substrate  such  as  alumina  or  beryl] la. 
The  substrate  may  be  metallzed  and  form  one  level  of  interconnection 
and  may  also  contain  resistor  elements.  The  photopolymer  material 
forms  cavities  in  which  circuit  components  nest  and,  by  means  of 
alignment  marks,  allows  the  precise  attachment  of  circuit  components 
independently  of  the  interconnect  network  which  is  the  second  BLIP 
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coicponent.  The  Interconnect  network  is  a  multilayer  conductor 
pettern  with  integral  beam  leads  for  connection  to  the  components 
as  well  as  to  the  outside  world  or  second  level  interconnection. 

III.  DIE  PLATE  FEATURES 

The  substrate  is  first  processed  through  standard  vacuum  deposition 
and  photoetch  steps  to  obtain  the  desired  conductor  and  resistor 
patterns.  The  dry  film  photopolymer  serves  as  a  spacer  and  there¬ 
fore  its  thickness  Is  determined  by  component  heights  and  by  the 
interconnect  network  thickness.  After  the  lamination  step,  the 
photopolymer  is  exposed  and  developed  to  form  device  cavities  to 
allow  attachment  of  active  devices  to  the  substrate.  Keying  or 
alignment  marks  are  also  formed  during  this  step  around  each  cavity 
so  that  the  component  may  be  precisely  aligned  when  it  is  mounted. 

The  substrate  size  is  limited  only  by  the  uniformity  of  metalleatlon 
desired  during  vacuum  deposition  and  therefore  a  large  number  of  die 
plates  may  be  formed  on  a  single  substrate.  After  lamination  and 
photoimaglng,  the  die  plate  is  ready  for  component  attachment.  This 
may  be  performed  before  or  after  the  substrate  Is  broken  into 
individual  die  plates. 

IV.  THE  INTERCONNECT  lAMINATE 

The  Interconnect  laminate  is  made  up  of  alternating  layers  of  a 
suitable  dielectric  such  as  epoxy  glass  and  conductor  paths  which 
seive  to  interconnect  all  components.  Although  the  number  of 
conductor  layers  is  not  unlimited,  three  have  been  found  adequate 
fer  the  most  complex  of  hybrid  designs,  so  far  implemented. 

The  most  important  feature  of  the  Interconnect  laminate  is  the 
integral  beam  leads  that  are  formed  to  make  connections  to  the 
active  devices.  These  project  over  the  cojnponent  windows  and  are 
fortned  to  make  contact  with  a  device  bonding  pad  as  Illustrated 
in  Figure  2.  The  external  connections  are  also  beam  leads  so  all 
flying  wire  connections  are  eliminated. 

Connections  beeween  layers  are  made  by  plated  through  holes  or 
vias,  xlie  vias  are  first  formed  by  photochemical  etching  then 
electroless  and  electrolytic  plating  are  used  to  form  the  electrical 
connection. 

V.  THE  ASSEMBLY  PROCESS 

The  fabrication  of  the  Interconnect  laminate  and  the  baseplate  are 
both  batch  processes  with  each  lot  ca]>able  of  producing  hundreds 
of  parts.  Furthermore,  they  are  parallel  processes,  each  operating 
independently  of  the  other.  After  they  have  been  processed,  tested, 
and  Inspected,  they  are  ready  for  the  final  assembly  steps. 
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The  interconnect  laminate  and  the  baseplate,  loaded  with 
components,  are  now  bonded  together.  Individual  circuits  may  be 
bonded,  if  the  substrate  has  been  separated  into  single  die  plates, 
or  all  circuits  on  a  substrate  may  be  bonded  simultaneously. 

Alignment  is  straightforward  since  beam  leads  and  device  bonding 
pads  are  both  visible. 

After  curing  the  bonding  adhesive,  the  circuit  is  now  ready  for 
ultraeonlc  bonding  of  the  beam  leads  to  the  components.  Beams  are 
presently  bonded  one  at  a  time  but  the  adaptation  of  a  wcbblc  or 
compliant  bonder  appears  quite  feasible. 

Assembly  errors  are  reduced  with  because  subassembly  (die 

plate  and  interconnect)  orientation  can  be  easily  checked.  This 
leads  to  a  reduction  of  labor  skill  required  and  therefore  a  cost 
reduction.  It  further  minimizes  troubleshooting  because  of  the 
ease  of  visual  inspection. 

VI.  PACKAGING 

A  major  improvement  in  packaging  density  is  achieved  by  eliminating 
the  traditional  hermetically  sealed  flat  pack.  This  reduced  surface 
area  and  volume  requirements  and  also  eliminates  fan  out  restrictions 
imposed  by  the  flat  pack.  The  environmental  protection  required  for 
the  unpackaged  BLlP.j^  module  is  achieved  by  a  vapor  deposited 

confortoal  coating  of  parylene  whose  barrier  properties  are  superior 
to  the  silicofiess 

Parylene  is  the  generic  name  for  members  of  a  unique  polymer  series 
developed  by  Union  Carbide  Corporation.  The  basic  member  of  the 
series  is  poly-pava-xylylene  but  the  two  types  of  Interest, 
designated  Parylene  C  and  D,  are  chlorinated  and  dlchlorlnated 
mod iJficat ions,  respectively. 

The  replacement  of  a  hermetically  sealed  package  with  another  form 
of  environmental  protection  must  take  into  consideration  all  the 
common  components  of  a  microcircuit  such  as  semiconductors,  capacitors, 
and  resistors.  In  the  case  of  semiccnductors ,  silicon  nitride  offers 
much  potential  for  protecting  the.ee  sensitive  devices  but  ceramic 
chip  capacitors  and  nickel- chromium  resistors  aie  also  very 
susceptible  to  humidity. 

If  parylene  Is  to  serve  as  a  replacement  for  hermetically  sealed 
packages,  the  barrier  properties  of  the  material  are  of  prime 
importance.  These  properties  are  given  in  Table  1  and  compared  with 
those  of  the  more  common  organic  coatings. 
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Tabu  I 

Barrier  Froparcles  of  Some 
Raj>te8e|atatlve..0rg£  lie  Coatlnga 


N 

**2 

0^(1) 

H  (1) 

Pirylene  C 

0.6 

5 

14 

110 

1 

Parylene  D 

4.5 

32 

13 

240 

0.25 

Epoxies 

4 

5-10 

8 

110 

1.8-2. 4 

Silicones 

- 

50,000 

300,000 

45,000 

4.4-7. 9 

Urethanes 

80 

200 

3,000 

2. 4-8. 7 

(1)  Gas  pertneabllity,  cc-rail/100  in^  -  24  hrs;  ASTM  D1434-63T 

2 

(2)  ^fc>lsture  Vapor  Transmission,  gm-mil/lOO  in  -  24  hrs;  ASIM  E96-63T 


The  material  Is  deposited  from  the  vapor  phase  in  a  "soft"  vacuum, 
with  the  mean  free  path  of  the  parylsne  molecule  cu  the  order  ot  0.] 
cm.  The  result  is  a  truly  conformal  deposition  rather  than  the  line 
of  sight  type  coating  one  usually  associates  with  vacuum  deposition 
techniques. 

Because  of  these  attractive  characteristics,  Northrop  Initiated  a 
program  to  study  parylene  coatings  on  BLIP.j^  microcircuits .  A 

deposition  system  was  designed  and  built  (see  Figure  3)  and  a  scries 
of  preliminary  tests  conducted.  The  results  of  the  preliminary  tests, 
discussed  belcw,  were  encouraging  enough  to  Justify  a  large  scale 
military  qualification  type  test  program  which  is  presently  underway. 
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VII.  ENVIRDNMKNTAL  TEST  RESULTS 


A.  IONIC  ContamlnacloQ  Test 

A  major  concern  of  any  semiconductor  passivation  coating  is 
that  the  coating  does  not  introduce  ionic  contamination.  For 
this  test  a  group  of  FNP  (2N2907)  ur^assivated  transistors 
were  parylene  coated  and  submitted  to  a  humidity  test  In  accor> 
dance  with  MIL-STD-810B. 


One  hundred  eighty  of  these  parts  were  mounted  in  unlidded  flat 
packs.  The  leakage  current  was  measured  at  an  ambient 

temperature  of  120  C  prior  to  parylens  coating,  after  the  coating 
was  applied,  and  after  the  10-day  humidity  test  which  exposed 
the  parts  to  85  percent  relative  humidity  and  a  temperature  var¬ 
iation  of  25  to  71  C  on  a  24  hour  cycle.  Leakage  currents  re¬ 
mained  constant  during  and  after  the  test.  Indicating  that  parylfine 
did  not  cause  any  ionic  contamination  but  did  protect  the  parts 
from  the  humidity  environment. 

B.  Humidity 

III  the  presence  of  an  electric  field  and  moisture,  thin  film 
nickel -chromium  resistors  are  very  susceptible  to  electrolysis. 

To  determine  the  effectiveness  of  parylene  as  a  moisture  barrier, 
one  hundred  eighty  seven  nickel-chromium  thin  film  resistors 
were  mounted  in  unlldded  flatpacks  and  parylene  coated.  These 
resistors,  of  v« 'lous  form  factors  and  values,  (see  figure  4) 
were  powered  at  several  different  power  densities  to  ensure 
condensation  on  at  least  some  of  them.  A  control  let  of  55 
unprotected  resistors  were  also  tested  and  all  resistors  under¬ 
went  the  MIL-STD-810B  test  described  in  Section  A  above. 

Resistor  values  were  read  and  recorded  before  and  after  the  pary¬ 
lene  deposition  and  after  the  humidity  test.  The  parylene  coated 
resistors  showed  no  change  in  value  whereas  10  of  the  55  uncoated 
resistors  had  catastrophic  failures  or  major  resistance  changes 
(2  20%)  with  some  of  the  failures  occur ing  in  the  first  24  houra 
of  the  test.  Because  some  of  the  resistors  in  each  lot  were  un- 
powered  and  some  powered  at  densities  as  high  as  150  watts/square 
inch,  failure  of  all  resistors  in  the  unprotected  group  were  not 
anticipated  because  condensation  did  not  occur  on  all  resistors. 

C.  Radiation  Induced  Ionization 


Radiation  induced  ionization  in  the  parylene  coating  could  cause 
functional  failures  in  a  microelectronic  circuit.  To  determine 
this,  a  2N3960  transistor  was  enq>loyed,  using  the  test  matrix 
below. 


Parylene  coated 
No  parylene  coating 


Reverse  Bias 
6  units 

6  units 


No  Reverse  Bias 
6  units 

6  units 
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Xieakage  currant*  and  DC  current  gain  at  100  mlcrcaoperet  and 
1  mllltaupere  were  recorded  before  and  after  radiation.  Exposure 

levels  were  7  X  10^  n/cm  and  1  X  10  rad/Sl.  Comparison  of 
before  and  after  data  ehowad  no  significant  difference  between 
coat.rd  and  uncoated  devices  with  and  without  power  applied. 

This  Indicates  that  parylene  does  not  trap  a  charge  or  have 
other  deleterious  effects,  due  to  radiation,  on  sensitive 
semiconductor  devices. 

D.  Ihiclear  Testing 

Results  of  recent  underground  tests  on  parylene  coated  BLIF^ 

circuits,  when  compared  to  uncoated  circuits,  demonstrate  that 
parylene  Improves  the  survivability  of  a  circuit  In  a  thermo- 
mechanical  shock  environment. 

VIII.  FUTURE  DEVELOPMENTS  IN  BLIP 

A  large  factor  In  manufacturing  costs  of  highly  complex  hybrids 
is  the  troubleshooting  and  rework  caused  by  defective  active 
devices.  The  ability  to  test  a  circuit  functionally  prior  to  the 
permanent  attachment  of  any  active  devices  would  overcome  this 
problem  and  BLIP  offers  that  potential.  If  the  active  devices 
were  attached  with  a  long  shelf  life  epoxy,  the  interconnect 
laminate  could  be  aligned  over  the  die  plate  and  electrical  connect¬ 
ion  made  by  means  of  mechanical  pressure.  The  entire  circuit  could 
then  be  functionally  tested  before  any  bonds  are  made  and  before 
the  epoxy  Is  cured.  Chip  replaceuieut  would  tlien  be  a  matter  of 
extracting  the  die  from  the  uncured  epoxy  and  replacing  it  with  a 
new  die.  Troubleshooting  and  rework  could  then  be  accomplished 
early  In  the  assembly  process  with  a  reduction  in  damage  due  to 
rework. 

If  the  circuit  checks  functionally  good  at  the  time  of  the  "pressure 
test,"  it  would  be  advantageous  to  bond  the  beams  immediately. 

The  die  plate  and  interconnect  are  already  aligned  and  electrical 
contact  Is  being  made  at  all  the  required  points.  If  a  form  of 
wobble  or  complaint  bonding  could  be  utilised  at  this  point,  the 
assembly  could  bo  bonded  with  no  additional  handling  or  alignment. 

rX.  CONCLUSIONS 

BLIP  has  been  demonstrated  to  be  a  multilayer  hybrid  packaging 
concept  which  essentially  eliminates  flying  wire  bonds.  It 
utilizes  standard  active  devices  rather  than  the  new,  face-down 
devices  which  are  presently  more  expensive  and  leas  available. 

BLIP  does  itot  involve  any  radical  new  technology  but  rather  the 
evolution  of  proven  processes  that  have  been  in  widespread  use 
for  a  number  of  years.  The  elimination  of  flying  vrlre  bonds  and 
the  use  of  beam  lead  bonds  is  a  major  reliability  factor  because 
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*  BLIP  denclty  !•  preaontly  equal  to  current  thin  £llo  deneity 

and  will  eurpas*  it  with  the  application  of  liaprovad  dealgn 
Tulaa  covering  auch  areas  as  line  width  and  spacing,  via  sire, 
and  via  pads.  The  use  of  miltllayer  conductors  eases  design  and 
layout  constraints  and  provides  the  required  termination  density 
for  the  newer,  more  complex  active  devices.  Its  application 
I  to  very  large  functional  blocks  with  advantages  in  testing  and 

final  packaging  within  the  same  manufscturins  format  ip  a  next 
Inportsht  stage  of  its  usefulness. 
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FIGURE  4  RESISTOR  HUMIDITY  TEST  CIRCUIT 
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'  ABSTRACT 

A  universal  packaging  system  is  described  which  will 
serve  the  requirements  of  military  eind  space  electronics 
during  the  latter  part  of  the  decade.  Design  features  and 
fabrication  techniques  associated  with  the  All  Applications 
Digital  Computer  Building  Block  Module  and  its  Zero  Force 
Cam  Operated  Connector  are  highlighted. 

In  addition,  the  design  of  the  Higher*  Level  Package, 
which  retains  a  multiplicity  of  modules,  is  covered. 
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introduction 


A  hardware  design  2md  development  progreun  for  the 
packaging  of  the  All  Applications  Digital  Computer  (AADC} 
has  been  in  progress,  under  NASC  sponsorship,  at  the 
Kearfott  Division  of  the  Singer  Con^any  since  June  1970. 

A  primary  objective  of  this  effort  has  been  the  evolution 
of  a  packaging  system  that  has  universal  application. 
Packaging  techniques  are  being  perfected  concurrent  with 
the  development  of  micro-electronic  devices  that  are  to 
be  used  in  military  and  space  electronics  during  the 
latter  part  of  the  decade. 

The  program  calls  for  the  design,  development,  and 
prototype  fabrication  of; 

.  A  "Building  Block  Module"  capable  of  retaining 

a  three- i.nch  diameter  silicon  wafer  or  hybrid  sub¬ 
strate 

.  Higher  Level  Package  containing  a  multiplicity  of 
Building  Block  Modules. 


SYSTEM  DESCRIPTION 

The  All  Applications  Digital  Computer  packaging  system 
has  as  its  basic  element  the  Building  Block  Module  which 
provides  the  hermetic  enclosure,  interconnect,  moxxnting  and 
heat  exchange  mechanism  for  the  electronic  elements.  The 
module  is  illustrated  in  Figure  1. 

Electrical  connections  to  the  module  are  made  via  two 
152-Pin  Cam  Operated  Connectors  as  shown  in  Figure  2. 

A  series  of  Building  Block  Modules  which  may  constitute 
a  complete  electronic  system,  wilJ  be  retained  in  the  Higher 
Level  Package;  this  package  provides  the  cooling  air  dis¬ 
tribution  and  internal-external  interconnect  system. 

Figure  3  is  an  exploded  view  of  the  major  elements  showing 
the  physical  relationship  of  the  Building  Block  Module, 

Cam  Operated  Connector  and  interconnect  system. 

The  following  paragraphs  will  describe  in  greater  de¬ 
tail  the  characteristics  of  the  major  elements  and  the 
engineering  tradeoffs  that  were  made  in  arriving  at  an 
optimized  system. 
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FIGURE  1  EJASIC  BUILDING  BLOCK  MODULE 


7he  AADC  Building  Block  Module  Illustrated  in 
Figure  1  is  capable  of  retaining  a  three^inch  diameter 
silicon  wafer  or  a  three-inch  diameter  hybrid  circuit  sub¬ 
strate.  The  module's  unique  features  are  tabulated  below. 

*  < 

.  External  Connections  -  300 

•t  i 

.  Power  Dissipatior  -  Up  to  50  watts  \ 

I  t 

.  Maximum  Power  Density  -  7.5  watts/sguare  inch 
.  Environment  -  MIL-E-5400  Class  4x  -  200 ®C  meuc 
.  Hermetic  Seal 

.  Provisions  for  Guiding,  Keying  and  Clamping 
.  Interface  with  Zero  Insertion  Force  Connector 
.  Integral  Heat  Exch2mger 

,  Vibration  Resonant  Frequency  -  above  2000  Hz 

.  High  Speed  Circuit  Compatibility  (10  nsec  delay) 

.  Size  -  4  inches  x  4  inches  x  0.400  inches  width 
(20  watt  module) 

.  Weight  -  0.43  pound  (20  watt  module) 


DESIGN  TRADEOFF 

The  final  configuration  was  arrived  at  after  an  exten¬ 
sive  design  trade-off  process  which  concerned  itself  witli 
four  major  areas; 

.  Module  thermal  eind  electrical  characteristics 

.  Interface  with  the  next  higher  level  package 

.  Mounting,  interconnection,  and  line  routing  to  the 
3-inch  diameter  wafer  or  hybrid  substrate 

.  Module  manufacturing  processes  and  lid  sealing 

The  trade-off  process  was  concerned  with  configurations 
that  provided  for  efficient  heat  removal  while  optimizing 
the  interconnection  and  line  routing  requirements. 
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Conventional  techniques  -(Figure  4}  that  make  use  of 
conductive  cooling  to  heat  exchangers  at  the  card  edge, 
were  dismissed  as  being  inefficient. 

By  mounting  the  heat  exchanger  directly  behind  the 
power  dissipating  elements  (Figure  5) ,  a  more  efficient 
thermal  design  with  a  considerably  shorter  conducting  path 
is  possible.  This  latter  design,  however,  is  deficient 
since  it  requires  a  300-pin  connector  having  high  inser'- 
tion  and  removal  forces. 

The  Integral  ceramic  heat  exchanger  design  illustrated 
in  Figure  1  retains  the  thermal  advantages  of  direct 
cooling  while  eliminating  the  connector  problem.  The  de¬ 
sign  provides  for: 

.  Zero  insertion  force  connectors 

.  Short  line  lengths 

.  Direct  connections  eliminating  the  need  for  inter¬ 
mediate  circuit  boards 

.  Integral  heat  exchanger 

T£d»le  1  summarizes  the  characteristics  of  the  various  de¬ 
sign  approaches. 


INTEGRAL  HEAT  EXCHANGER  MODULE  DESIGN 

The  integral  ceramic  heat  exchanger  unit  consists  of 
a  ceramic  slab  containing  the  line  routing  from  the  152- 
external  connector  pad  terminations,  along  each  of  the  two 
edges,  to  the  3-inch  diameter  wafer.  A  molybdenum-titanium 
metallized  sealing  ring  facilitates  hermetic  sealing  of  a 
ceramic  or  Kovar  cover.  Keying  pins,  which  guarantee  a 
unique  module  location  in  the  Higher  Level  Package  are 
brazed  to  the  base  slab.  External  connections  are  made  via 
a  set  of  152-Pin  Cam  Operated  Connectors  contacting  the 
pads  on  .050  centers.  The  heat  exchanger,  wh  can  be 
sized  to  be  compatible  with  the  power  dissipation  of  the 
module,  is  cemented  to  the  base  slab. 

Table  2  summarizes  the  module's  thermal  characteristics 
for  various  material  combinations,  flow  rates,  and  heat 
exchanger  designs. 
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FIGURE  4  CONOUCTIVE  COOLING  CONFIGURATION 
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FIGURE  5  OIRECI'  COOLING  CONFIGURATION 
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DETAIL  DESIGN  AND  FABRICATION 

Having  described  the  general  configuration,  thexmal 
characteristics,  and  material  tradeoffs,  bonding  and 
module  sealing  considerations  will  be  highlighted. 

Table  3  summarizes  the  various  material  and  sealing 
combinations  that  were  considered.  The  dry-pressed 
solid,  ceramic  slab  employing  a  Kovar  or  alumina  cover 
proved  to  be  optimum  for  the  following  reasons: 

Minimum  sealing  surface  is  introduced 

.  Maximum  heat  transfer  area  is  availed>le 

.  Limited  manufacturing  complications  are  intro¬ 
duced 


COVER  SEAL 

Units  employing  Kovar  and  ceramic  covers  have  been 
designed  ^lnd  fcibricated.  Cross  sections  are  illustrated 
in  Figure  6.  A  weldcible  Kovar  cover  is  preferable  since 
heating  can  be  confined  to  the  rim  area  during  sealing. 

A  unit  which  has  been  laser  welded  is  illustrated  in 

A  /  • 


WAFER  CONNECT'IONS  AND  ASSEMBLY 

Interconnections  to  test  slabs  have  been  made  using 
ultrasonic  bonding.  Ball  or  thermal  compression  bonding 
can  be  utilized  also.  Other  techniques  which  employ 
batch  interconnection  processes  utilizing  kapton-mounted 
aluminum  flat  foil  leads  are  in  the  developmental  stage. 


MODULE  TEST 

Six  modules  have  been  delivered  to  NAFI  for  evalua¬ 
tion  and  environmental  testing.  Favorable  thermal  and 
structural  test  results  have  been  obtained.  A  detailed 
test  report  is  currently  being  prepared. 


CONNECTOR 

The  Kearfott  Division  of  the  Singer  Company  has 
developed  ^md  delivered  to  NAFI  a  152-Pin  Cam  Operated  Zero 
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FIGURE?  KOVAR  COVER  MODULE 


Insertion  Force  Connector.  Tlie  connector  provides  inter- 
connection  between  the  Building  Block  Nodule  emd  the  back- 
board  wiring  system  of  the  Higher  Level  Package. 

The  connector's  unique  features  are: 

.  Zero  Insertion  force 

.  Five  to  ten-ounce  contact  pressure 

.  Less  than  0.002  ohm  contact  resistance 

.  Interlock  mechanism  that  precludes  operation  if 
the  module  is  not  properly  seated,  and  precludes 
module  removal  prior  to  contact  release 

.  Cam  loading  during  contact  closure 

The  connector  is  illustrated  in  Figure  2  in  the  closed 
position.  A  design  trade-off  study  was  conducted  which  con¬ 
sidered  tolerance  effects,  single  cam  designs  and  alternate 
contact  arrangements  (see  Figure  8) .  The  final  design  which 
preserves  wiping  action  is  illustrated  in  Figure  9  along 
with  the  contact  arrangement  and  interlock  mechanism.  Note 
that  the  contacts  are  on  .05  centers  and  the  envelope  dimen¬ 
sions  are  4.75  inches  long  x  0,60  inches  high  x  0.50  inches 
wide . 


HIGHER  LEVEL  PACKAGE  -  DESIGN  APPROACH 

The  Higher  Level  Package  with  its  modular  approach  is 
illustrated  in  Figure  3,  A  set  of  Cam  Operated  Connectors 
service  each  module.  A  series  of  through  bolts  clamp  the 
stacked  connectors  between  the  front  and  rear  panel  to 
form  a  rigid  frame  for  the  overall  package.  Spacers  can 
be  used  to  accommodate  various  module  widths  while  compen¬ 
sating  for  tolerance  accumulations. 


GUIDING,  KEYING  AND  INTERLOCK 

Guiding  of  the  Building  Block  Module  into  the  Higher 
Level  Package  is  provided  by  guide  slots  in  the  connector 
block.  Keying  pins  and  bushings  preclude  improper  location. 
There  are  128  possible  combinations  available. 

Mislocation  or  partial  seating  of  the  module  prevents 
operation  of  the  connector  cam.  Similarly,  the  system 
cover  cannot  be  seated  unless  all  cams  are  in  the  closed 
position. 
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CONNtaOR  BLOCK  ASSEMBLY 
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FIGURE  8  SfflGLE  CAM  CONNECTOR 


OPEM^  POSITION  CLOSED  POSITION 


FIGURE  9  CAM  OPERATED  CONNECTOR  ASSEMBLY 


COOLING  AIR  FLOW 


Cooling  air  is  circulated  through  the  inodules  using 
a  parallel  air  distribution  method,  wherein  each  module 
receives  inlet  air  having  the  same  temperature.  Air 
enters  at  the  front  panel  of  the  Higher  Level  Package 
(Figure  3) ,  passes  through  the  modules  via  the  lower  air 
distribution  plenum,  and  exits  via  the  upper  air  plenvim. 
Molded  gaskets  prevent  cooling  air  leeikage  at  the  module/ 
plenum  interfaces. 

The  Higher  Level  Package  design,  in  combination  with 
the  Building  Block  Module,  can  be  optimized  to  meet  various 
cooling  air  pressure  drop  and  flow  rate  requirements. 
Maximum  permissible  component  operating  temperatures,  to 
a  large  extent,  determine  the  cooling  air  flow  rate  and 
temperature.  Pressure  drop  characteristics  are  determined 
by  the  module  heat  exchanger  area,  fin  design,  cooling  air 
velocity,  ^lnd  the  ratio  of  the  Higher  Level  Package  duct 
area  to  the  module  heat  exchanger  cross  section.  A  series 
of  design  curves  has  been  generated  to  show  the  inter¬ 
relation  of  these  parameters.  Curves  of  this  type  are  used 
to  optimize  the  duct  size  of  the  Higher  Level  Package  and 
to  establish  the  type  and  optimum  size  of  the  heat  ex¬ 
changer  to  be  used  for  the  Building  Block  Module  in  a 
particular  application. 

Figure  10  illusLrtifces  the  component  temperature  rise 
above  the  inlet  air  temperature  as  a  function  of  cooling 
air  flow  for  a  20  watt  module  having  BeO  and  AI2O3  heat 
exchangers  with  .065  inch  and  .130  inch  high  fins.  Figure 
11  indicates  anticipated  pressure  drops  for  Higher  Level 
Packages  for  various  distribution  plenum  sizes  and  module 
fin  heights. 


INTERCONNECT 

Connections  from  the  connector  block  assembly  to  the 
front  connector  panel  can  be  made  via  a  multilayer  mother- 
I'oard  and  flexprint  as  illustrated  in  Figure  3.  A  mother¬ 
board  is  located  in  the  back  of  each  connector  block. 
Communication  between  the  motherboards  can  be  made  at  the 
front  panel  or  by  a  circuit  board  located  between  a  series 
of  modules.  If  desired,  the  motherboard  interface  card 
ccin  have  an  orientation  and  contact  arrangement  analogous 
to  a  Building  Block  Module  and  if  desired  can  be  permanently 
installed.  The  motherboards  can  incorporate  a  micro-strip 
design. 
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FIGURE  11  MODULE  SYSTEM  PRESSURE  DROP 
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Abstract 

Using  a  200,000  element  silicon  phototransistor 
matrix,  a  recently  developed  solid-state  array  camera 
provides  TV  compatible  \-ideo  and  resolution.  This 
paper  describes  the  design  and  implementation  of  the 
system’s  hybrid  bare  chip  circuitry,  and  its  overall 
operational  characteristics. 


Introduction 

Over  the  past  decade,  working  under  NASA,  Huntsville  contract 
NAS  8-5112,  Westinghouse  has  pursued  an  evolutionary  development  pro¬ 
gram  directed  toward  production  of  an  all  solid-state  image  converter 
having  resolution  capabilities  equivalent  to  those  provided  by  com¬ 
mercial  television.  This  effort  has  led  most  recently  to  the  success¬ 
ful  fabrication  of  high  density  row-column  organised  sensor  matrices 
containing  nearly  a  quarter  million  individual  phototransistors,  and 
to  the  deployment  of  one  of  these  arrays  in  the  engineering  model 
camera  system  shown  in  Figvirc  1. 

As  configured  this  novel  solid-state  array  camera  is  con^sletely 
self-contained  needing  only  a  source  of  110  volt  ac  power,  is  totally 
molecular  in  design  using  state-of-the-art  silicon  technology  devices 
throughout,  and  is  output  interface  compatible  with  conventional  TV 
studio  type  display  monitors.  Functionally  and  physically  it  is 
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dlvldad  into  two  distinct  sections:  the  image  converter  mainframe,  vthlch 
is  10"  X  10"  X  2"  and  contains  the  400  x  500  element  photosensor  array 
and  its  I-SHI  (large  scale  hybrid  integration)  bare  chip  packaged  scan¬ 
ning  and  control  electronics:  and  the  detachable  supply/processor  sub¬ 
unit,  idiieh  is  10"  X  3"  X  2"  and  contains  the  multiple-voltage  povier 
converters  and  EIA  format  video  processor. 


SENSOR  ARRAY 

The  photodetector  employed  in  this  ^atem  ia  a  monolithic  array 
of  200,000  phototransistor  elements  organiited  in  an  x-y  access  matrix 
of  400  rows  and  500  columns.  It  is  fabricated  using  standard  planar 
epitaxial  and  diffusion  processing  techniques  on  a  specially  prepared 
high  quality  2-J  inch  diameter  single  crystal  silicon  vmfer.  A  photo¬ 
graph  of  a  finished  array  is  presented  In  Figure  2.  Surface  dimensions 
of  the  mosaic  consist  of  2.0-by-2.5  mil  center-to -center  spaclngs  of 
emitters  and  coUectora,  respectively,  for  a  total  functional  detector 
area  of  one  square  inch.  The  effective  area  coverage  aspect  ratio  of 
the  sensor  matrix  is  1:1  and  leads  to  a  100^  modulated  bar  chart  limit¬ 
ing  resolution  of  2(X)  line  pairs  per  pictxire  height  in  the  vertical 
direction  and  250  line  pairs  per  picture  height  in  the  horizontal  di¬ 
rection. 

Individual  elements  in  the  array  are  pulse  biased  for  operation  in 
the  charge-storage  (integration)  mode  by  ci-oss-coincident  activation  in 
row/column  access  line  pairs.  The  output  signal  charge  available  from 
reepoctive  pliototransistors  follows  the  integration  mode  relationship 
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where  t,  is  the  integration  period  and  t.  Is  the  Junction  leakage  time 
constant.  Conversion  of  input  irradianco  on  any  element  basis  is  in¬ 
trinsically  linear  over  greater  than  three  decades,  but  the  usable  dy¬ 
namic  range  of  the  aggregate  array  is  typically  llndted  to  about  two 
decades  by  interelement  non-uniformities. 


CAMERA  SYSTEM 

To  divorce  the  primary  fimctions  of  image  sensing  and  scan  con¬ 
version  from  the  sub-functions  of  power  conversion  and  signal  format- 
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tiiTg,  the  nCTWiE  45*  canisra  syetem  is  dlvid<fd  into  two  dist.^i'^ct  onitB. 

The  8upply/j>roce66or  sub-unit  laodul®,  tdiich  Interfacoc;  with  thi!#  ii:i*g<' 
convertei'  througli  n  15  p3Ji  comector,  serves  as  sn  electrical  bufer  to 
the  outside  world  for  both  raw  input  power  and  firuil  output  eif^nAl  video. 
T}:6  caUieia  ijaiiuraui,  vdiich  ie  designed  tc  have  a  basically  plansr  archi¬ 
tecture,  hooBca  the  readout  electronics  in  the  Jig-ctw  puEzle  irtariMB- 
latcd  layout  of  compaitmentsli^ed  LSHl  enbatrates  showii  in  Figur’e  3» 
Optical  coupling  to  tlie  centrally  located  photosensor  monolith  is  pro¬ 
vided  t-y  a  50mni  f/1.2  lens.  Rear  surfaces  of  the  mechanical  frame  are 
made  flat  and  pi^ojection  free  to  facilitate  mounting  on  a  domicile  wall 
or  vehicle  bulkhead  like  a  picture  frame . 

Electrical  outputs  from  the  camera  mainframe  are  in  the  form  of  raw, 
scan-coverted  serial  Imago  id-deo  end  separate  blank  aJid  sync  pulses. 

The  signals  may  be  used  irdependcntly  if  desij  ed,  or  they  can  be  passed 
along  to  the  remotely  programiable  sub-unit  wi  cre  the  procer  sor  combines 
them  Jnto  a  1  volt  peak  air^jlitude  ELI  format  composite  TV  video  signal 
which  is  then  output  in  both  positive  and  negative  polarity  pueh-puU 
form.  Scfin  syinchronizatlon  for  the  s/stem  is  provided  by  an  Apollo  moon 
camera  digital  sync  generator  ;diile  master  clocking  is  selectable 
from  either  an  internal  9.45  MHe  crystal  controlled  source,  vdiich  produces 
the  U.  S.  standard  525  line  *0  interlaced  fields-per-second  TV  scanning 
format,  or  an  externalLj  variable  source,  which  peroi.ts  tailoring  the 
system  frame  rate  to  meet  purticular  application  requireiuents. 

Distinctive,  eigr.th  order  tljue-shared  signal  acquisition  followed 
by  high  speed  parallel-to-sjrial  analog  multi plexln.^  is  employed  in  the 
45  camera  to  allow  sufficient  per-element  aaiapling  dwell  vime  while 
successive  data  bits  are  processed  from  ti.e  detector  mosaic.  Extensive 
use  is  made  of  lew  powvsr  TTL  df.vicss  in  the  timing  circuitrj’’  to  assure 
adequate  sequencing  speed  capabilities  with  a  moderation  of  power  re¬ 
quirements.  Sectional  corapartmentallizatlon  of  the  system  electronics 
is  established  on  the  basis  of  functional  independance  end  circuit  mod¬ 
ularity.  Counter/decoder  sequencing  logic  designs  are  employed  in  pre¬ 
ference  to  shift  register  schemes  due  to  their  greater  reliability  and 
the  availability  of  IC  logic  chip  functions. 

Inqjlementatlon  of  the  sub-sectional  electronics  follows  hybrid 
bare  chip  fabrication  principals.  Individual  substrates  are  formed 
from  electronic  grade  alumina  having  an  8  micro  inch  surface  finish  and 
bimetal  chrome-gold  conductors.  Intercoiuiections  between  adjacent  sub¬ 
strates,  between  the  sensor  mosaic  and  its  periptieral  interface  circuitry, 
and  between  IC  logic  chips  and  their  substrate  conductor  luins  are  made  by 
thermo-conqjresslon  ball-and-stitch  bonded  flying  wire  gold  leads.  Oppos¬ 
ing  side  circuit  design  redxmdancy  and  layout  mirroring  are  employed  to 
eliminate  CTOssover  lines  and  simplify  substrate  processing,  construction, 
and  testing.  Two  circuitry  sections  are  retained  in  discrete  p.c.  board 


*PICTUFE  45  is  tlie  abbreviated  name  applied  to  the  engineering  model 
400  X  500  element  solid-state  array  camera.  It  is  deiived  as  a  con¬ 
traction  of  Photon  Liiag®  Converter  w/Television  Universal  Iffisolutlon 
using  a  i^OO-by-^OO  element  sensor  mosaic. 
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packaged  form  due  to  tye  type  of  cotaponenta  they  contain. 

The  non-cnhancod  conversion  tranafer  range  typically  realized  by 
the  camera  for  Irradlance  in  the  range  of  400  to  1000  nanometers  (10^ 
spectral  res^nee  points)  Is  seven  shades  of  grey*  with  the  minimum 
usable  irradiance  level  '  -  approximately  O.^^iW/cm*  at  30  Hz  frame  rates 
being  limited  primarily  'y  scan  conversion  xinlformitios.  Signal  in- 
foxmation  bandwidth,  with  Internally  controlled  scanning,  is  4.5  MHz  — 
identical  to  that  for  commercial  television  and  resulting  in  the  same 
qualitative  resolution  in  line-pairs. 


SUMMAflY 

With  the  level  of  resolution  attainable  by  integrated  half¬ 
tone  Images  now  being  on  a  par  with  broadcast  television,  totally 
solid-state  imaging  is  seen  to  have  come-of-age.  While  input  power 
and  compt  site  wel^t  of  the  present  engineering  model  system  are  mod¬ 
erately  high  —  on  the  order  of  12  Watts  and  5  pounds  —  both  factors 
are  readily  reducible  to  levels  of  about  1  Watt  and  1  pound,  or  less, 
in  next  generation  molecular  cameras  by  capitalizing  on  recent  KOS  tech¬ 
nology  improvements.  Over  the  next  decade  refined  versions  of  solid- 
state  array  cameras  are  therefore  expected  to  supplant  conventional 
high  vacuum  systems  in  many  critical  military,  industrial,  and  aero¬ 
space  applications.  Following  consociate  technology  advances  in  the 
hviman  sciences,  they  should  also  cee  greatly  expanded  usage  in  the  bio¬ 
medical  fieldj  particularly  in  the  area  of  ambulatory  aids  for  the  blind. 
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AN  APPLICATION  OF  IUGROEI^CTRONICS 
TO  THE  REMOTE  LENS  OF  THE  SKYLAB 
COLOR  TELEVISION  CAMEIIA 

V.  R.  Harden,  £•  Johnson,  L.  D.  White 

Westinghouse  Electric  Corporation 
Defense  and  Electronic  Systems  Center 
Baltimore,  Maryland  21203 


ABSTRACT 

A  remotely  controlled  adjustable  lens  assembly  for  the  Skylab 
color  television  camera  was  developed  using  multichip  hybrid  packaging 
techniques.  Three  thick  film  packages  were  used  to  contain  over  150 
discrete  chip  components  which  performed  all  of  the  circuit  functions. 
The  entire  lens  assembly  is  mounted  on  the  Skylab  field  sequential 
color  television  camera. 


INTRODUCTION 

The  remote  lens  of  the  Skylab  color  television  camera  is  attached 
to  the  camera  when  the  camera  is  being  pr.;pared  for  placement  on  an 
extendible  observation  boom.  The  adjustable  lens  functions  of  the 
camera,  when  extended  over  20  feet  from  the  exterior  surface  of  the 
Skylab  station,  will  allow  the  astronauts  to  remotely  observe  outside 
portions  of  tne  space  station.  Coded  control  signals  are  sent  up 
the  boom  by  a  four  conductor  cable  and  all  lens  functions  consisting 
of  adjustable  focus,  zoom,  and  iris  are  decoded  by  the  circuitry  in 
the  three  raultichlp  hybrid  packages  located  in  the  lens  assembly. 
Reversible  stepper  motors,  driven  at  the  vertical  sync  rate  in  order 
to  elimlnete  picture  interference,  are  used  to  drive  the  lens  functions. 
All  of  the  circuitry  has  been  placed  into  multichip  hybrid  packages 
since  there  is  no  space  for  discrete  component  wiring.  The  following 
sections  cf  the  paper  will  discuss  the  system  design  of  the  remote 
lens  along  with  tJie  iLlcroelcctronic  design  of  the  circuitry. 
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SYSTEM  DESIGN 


The  Skylab  remote  control  lens  system  consists  of  four  parts  as 
shown  in  Figure  1,  the  encoder,  the  receiver,  the  decoder,  and  the 
lens  function  motor  drivers.  The  encoder  which  is  located  within  the 
Skylab  space  station  converts  a  mecharical  switch  input  (e.g.  iris- 
close)  to  a  binary  coded  signal  suitable  for  a  high  (28V)  two  level, 
four  wire  transmission  system.  The  receiver  located  on  the  remote  lens 
then  converts  the  signal  to  t2l  signal  levels  since  standard  _T^L  ICs 
are  used  in  the  decoder.  Decoding  circuitry  using  the  camera's  vertical 
sync  as  a  clock,  stores  four  bits  of  switch  Information,  updating  the 
storage  registers  at  the  vertical  sync  rate  of  60  Hz,  The  four  bits 
are  then  decoded  and  the  commanded  switch  function  executed  in  the 
lens  unit.  (e.g.  the  iris  closes) 

The  system  requires  7  commands  for  motors  (iris  open,  iris  close, 
focus  in,  focus  out,  zoom  in,  zoom  out,  neutral)  and  four  commands  for 
Automatic  Light  Control  (ALC).  One  of  the  design  rules  was  that  only 
one  motor  command  may  be  given  at  any  one  time,  and  ALC  information 
can  not  be  disturbed  by  the  application  of  a  motor  command.  There  are 
28  different  commands  that  may  be  given  by  the  switches  with  only  four 
signal  lines  and  l6  possible  states  for  the  command  lines.  Hence 

a  capability  to  remember  commands  is  required.  The  system  operates 
In  two  modes  (l)  motor  command,  (2)  ALC  command.  When  a  motor  command 
is  given  the  last  ALC  information  received  is  retained  in  memory. 

This  prevents  the  ALG  from  being  changed  whenever  a  lens  motor  is 
being  operated,  ?‘?hen  ALC  inicrmatiun  ir-  being  transmitted  the  ALC 
memory  is  continuously  updated  (at  the  vertical  sync  rate)  and  the 
motors  are  Inhibited  from  operation. 

The  coding  follows  directly  from  the  description.  One  signal 
line  is  used  for  mode  definition;  it  indicates  either  an  ALC  cotrauand 
or  a  motor  command.  Two  lines  are  used  as  address  lines  indicating 
which  motor  has  been  commanded  or  which  ALC  position  has  been 
copimand<:d .  The  remaining  line  is  used  only  as  a  direction  indicator 
for  the  motors. 

The  traiismisslou  of  the  data  is  done  at  a  high  logic  level  in 
order  to  improve  the  systeii:  noise  margin.  Line  drivers  in  the  encoder 
are  transistor  switches  presenting  either  a  low  impedance  thru  the 
return  line  (0  )  gr  a  20KJC1  collector  load  (1  )  to  the  28V  supply 

line.  Direct  coupled  line  receivers  in  the  rejnote  lens,  filter  the 
input  signal  and  compare  the  filtered  signal  to  a  reference  that  is 
equivalent  to  approximately  one  half  of  the  28V  supply  voltage.  If 
the.  signal  is  greater  than  the  reference,  a  "one”  is  received;  if  it 
is  less  a  "ioero"  is  received.  The  outputs  of  the  line  receiver 
comparators  are  at  T^L  levels  and  are  compatible  with  the  decode 
circuitry.  The  line  receiv'er  for  the  vertical  sync  pulse  is  a 
transformer-coupled  comparator  with  hysteresis  in  order  to  maintain 
isolated  ground  for  the  T.V,  system.  Vertical  sync  pulses  are  used 
In  the  remote  lens  assembly  to  clock  all  information  into  I'egisters 
and  also  to  provide  a  60  Hz  clock  to  generate  the  ^  phs.scs  for  the 
motor  drive. 
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Switch  position  Information  bits  are  clocked  into  the  decoder 
with  the  vertical  drive  pulse.  If  an  ALG  command  is  received  the 
two  address  lines  are  clocked  into  holding  registers  and  the  motors 
are  inhibited.  If  a  motor  comuand  is  present  the  ALC  information 
rema.ins  unchanged  and  the  address  lines  are  decoded  to  determine  which 
motor  has  been  commanded.  The  direction  bit  controls  an  up-down 
counter  whose  outputs  are  decoded  to  give  the  phase  drive  pulses  for 
the  motors. 

The  lens  motors  are  stepper  motors  requiring  2  alternating 
current  square  waves  90°  out  of  phase,  either  leading  oi  lagging  de¬ 
pending  on  rotation  direction.  By  using  four  drivers  which  can 
sjource  or  sink  current  the  proper  drive  currents  can  be  applied  from 
a  single  positive  supply. 


MICROELECTRONIC  DESIGN 

Packaging  requirements  of  the  skylab  color  camera  remote  lens 
system  placed  severe  limitations  upon  the  quantity  of  electronic 
circuitry.  Since  the  remote  lens  would  be  attached  to  the  front 
of  the  camera,  all  electronics  would  have  to  be  within  the  lens 
housing.  All  of  the  components  in  the  breadboard  design  were  dis¬ 
crete  and  because  of  the  quantity  of  parts  it  was  obvious  that  a 
discrete  assembly  would  not  be  feasible,  A.  microelectronic  hybrid 
packaging  technique,  incorporating  a  speciallj'  designed  monolithic 
cetamlc  package  was  used  to  relieve  the  packaging  problem. 

After  finalization  of  the  breadboard  design,  there  followed  a 
functional  breakdown  of  the  circuits  into  probable  packages.  Further 
rei'ineiTient  of  this  was  for  minimization  of  both  Inter  and  intra  package 
connections,  elimination  of  circiiit  Interactions  and  duplicities, 
equalization  of  chip  densities,  and  restriction  of  power  dissipation 
to  within  package  limits.  Each  multichip  package  substrate  was  then 
laid  out  according  to  existing  techniques  for  manufacturability  and 
reliability.  Three  multichip  hybrid  packages  wer  the  resultant 
of  this  effort. 

The  circuit  layouts  incorporated  an  initial  ground  plane  con¬ 
struction  for  the  elimination  of  ground  loops  and  incorporation  of 
low  resistance  ground  paths.  The  ground  plane  was  cut  away  from 
critical  loads  to  prohibit  capacitive  coupling.  One  or  more  layers 
of  conductors  were  then  deposited  intersperced  with  dielectric 
insulators.  Bonding  of  chips,  which  included  thick  and  thin  film 
resistors,  capacitors,  diodes,  transistors,  and  various  integrated 
circuits,  commenced  and  wirebonding  of  components  terminated  the 
ii.aaufacturing  process. 
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After  passing  numerous  functional  circuit  tests,  the  substrates 
where  soldered  into  a  special!  designed  package  featuring  a  monolithic 
sandwich  construction  with  a  hermetically  sealed  lid,  and  subjected 
to  more  testing,  thermal  cycling,  and  power  aging.  Figure  2  depicts 
the  layout  of  the  receiver  package  which  is  composed  of  IMlll  com¬ 
parators,  thick  film  chip  bias  resistors  and  chip  bypass  capacitors 
on  a  three  layered  thick  film  substrate.  In  this  package  the  Iris, 
focus,  and  zoom  switch  control  functions  from  the  encoder  are  con¬ 
verted  into  digital  information. 

These  signals  then  reach  the  decoder  package  shown  in  Figure  3 
where  the  information  is  converted  into  clocked  pulses  coded  for  the 
different  motor  functions  and  for  the  ALC  information.  This 
package  consists  of  almost  all  digital  integrated  circuits  on  a 
five  layer  thick  film  substrate. 

The  motor  drive  package  Is  the  third  package.  As  seen  in  Figure 
A.  It  Is  composed  of  thin  film  resistors,  chip  ceramic  capacitors, 
and  chip  transistors  on  a  three  layer  thick  film  substrate.  The 
currents  and  voltages  necessary  for  driving  the  three  motors  are 
generated  in  this  package. 

Function  isolation  in  each  package  is  evident  in  that  t.k.e  low 
level  commands  are  transformed  into  digital  information  before 
interfacing  with  another  package.  This  information,  once  it  leaves 
the  receiver  is  stored  immediately  upon  entering  the  decoder.  Then 
the  digital  compiand  and  inhibit  pulses  are  forraed  before  leaving 
the  package.  Lastly,  the  nictct  control  circuitry  with  its  noisy 
switching  and  driving  circuitry  is  kept  isolated  from  the  decoded 
signals . 

Power  dissipation  is  minimal  in  both  the  encoder  and  decoder 
packages,  but  the  motor  drive  dissiparcs  nearly  a  watt  having  close 
to  one  hundred  chips  for  its  Ittiplenientation. 


OVC'PITM  Tlt<r»T  #  rr-l  r  \j 

The  remote  lens  assembly  is  lllustiatea  In  breadboard  form  in 
Figure  All  of  the  receiver  decoder  and  motor  driver  circuitry  aS 
Illustrated  fits  into  the:  lens  assembly  when  packaged  in  micro¬ 
electronic  tomi.  Figure  6  shows  tlis  final  assembly  of  the  multi- 
chip  hybrid  packagc:s  for  the  remote  lens  cssembly.  The  two  large 
packages  are  1"  X  2"  and  contain  all  of  the  decoding  clxc\iltry 
and  motor  drive  circuitry.  Also  shown  is  a  smaller  1"  X  1" 
package  which  contains  the  line  receiver  comparators.  These  pack¬ 
ages  are  iiijunced  on  rmiltilayer  printed  circuit  beards  and  are  con¬ 
tained  witlxin  the  lens  assembly  housing.  Jixtensive  temperature 
'evaluation  has  been  pei  formed  on  the  Ml.PS  and  full  circuit  eperation 
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has  been  verified  over  -SS^C  to  +125®C4  Figure  .7  Ip  tbP  C(wplete 
Skylab  Remote  TV  Ciuaeta  Aetembly.  i  . 

i  '•  :  ■  ■  '  1  »  ■  .  '  M-. 
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Figure  1.  Sl^rlab  Remote  Lens  Block  Diagram 
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ABSTRACT  (UNCLASSIFIED) 

Experimental  results  are  presented  for  the  application  of  LSI  self- 
scnrmed  photodiode  arrays  in  low-cost  electro-optical  sensing  for 
bar /half-bar  recognition  of  bar  code  patterns  for  postal  mail  sorting. 


1 . 0  IN  I'RODUCTION 


An  extraction  code  imprinted  on  the  front  surface  of  a  letter-si ’•.e 
mail  piece  provides  a  means  for  lower  cost  machine  sorting  of  mail 
than  optical  character  rec>5gnition  and  context  analysis  of  the  address. 
For  mail  sorting  applications,  an  inexpensive  means  of  sensing  and 
recognition  of  pre-printed  bar  codes  is  essential.  Eixamples  of  cases 
where  bar  code  patterns  may  be  pre-printed  are;  return  address 
envelopes  of  major  mailers,  and  line  printer  generated  address  blocks 
that  contain  bar  sorting  codes.  (See  Figures  1  and  2.  )  Scanned  photo¬ 
diode  sensors  offer  a  means  for  low-cost  electro-optical  sensing  since 
a  single  IjSI  chip  may  contain  64  to  2  56  photodiodes  and  on-chip 
scanning  circuitry  for  serial  sampling  of  the  columnar  photodiode 
sensing  elements.  (See  Figure  3.  ) 

2.0  FUNCTION 

Mail  imprinted  with  a  bar  pattern  is  transported  past  the  Code 
Reader  at  100  to  250  inches  per  second.  Toe  Code  Reader  is  lo 
electro-optica.lly  sense  and  recognize  tall  and  short  bars  with  an 
accuracy  sufficient  to  yield  an  error  rate  less  than  1  in  10^.  In 
general  two  bar  code  field  regions  contain  bars  of  0.  1 1  0  t.  010  and 
0.  050  i.  010  inch  height  and  of  32  bars-per-inch  pitch.  For  the 
cited  n'ail  transport  velocity  and  bar  pitch,  the  recognition  rate  is 
6, 000  bars  per  second, 

3.0  SPECIFICATIONS 


Size:  Read  Optics  Unit  (ROU)  9  inches  by  10  inches  by  12  inches 

Signal  Processor  Unit  (SPU)  21  inches  by  19  inches  by  17  in. 
Transport  Speed:  100-250  inches  per  second 
Bar  Code  Characteristics: 

Bite  per  inch  32  ^2 

Tall  bar  height  0, 110  -  o,  OiO  inch 

Short  bar  height  0,050  t  0.010  inch 

Bar  width  .010  to  ,019  inch 

Void  area  2  5  percent  maximum  of  bar 

envelope 

Mininium  reflectivity  50  percent 


Mininium  reflectivity 
of  ink  with  respect 
to  background 
Bit  skew 
Bit  pattern  skew 
Viewing  area  of  optics 
on  mail  piece 
Depth  of  Field  at  Mail 
piece 


t  6  oegrees  maximum 
-  2  degrees  maximum 
Field  =  .  5  inch 


,25  inch 
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Moxiuiuiii  Head  Error  Rate: 
MTBF:  (Objective) 

MTTR:  (Objeciive) 


1  per  100, 000 

2,  000  lioiirs  luiuimuiii 

30  minutes  maximum 


4.0  TECHNICAL  AP]>ROACH 

Bar  code  reading  systems  completed  undci-  United  States  Postal 
Service  contract  (RER  70-72)  use  digital  recognition  logic  and  differ  pr 
marily  in  optical  sensors.  A  discrete  asscnibly  of  silicon  photo- 
transistors  was  employed  in  the  first  of  the  unit  delivered  to  the  USPS. 
(See  Figure  4.  )  Tlie  second  unit,  completed  in  early  19^2,  uses  a  self- 
scanned  photodiode  array  in  the  read  head  (Figure  5).  The  LSI  chip 
comprises  a  row  of  N  photodiode  elements,  a  corresponding  N  stage 
shift  register,  with  each  stage  connected  to  the  gate  of  a  MOS  switch 
that  couples  the  adjacent  photodiode  to  a  common  recharge  line,  lii 
response  to  a  TTI.  clock  input,  a  bit  is  loaded  into  the  first  shift 
register  stage,  and  clocked  through  the  register  succcs.sivcTy  opening 
and  closing  the  MOS  switches,  thereby'  connecting  each  photodiode  in 
turn  to  the  recharge  line.  As  eacli  photodiode  is  accessed,  it  is 
brought  to  the  recharge  line  potential  and  then  left  open-circuited  until 
saniplcd  again.  During  the  scan  period  tlie  diode  dcj^lotioa  layer 
capacitance  is  discharged  by  the  instantaneous  jshotocurr ent  integrated 
over  the  line  scan  time.  When  sampled  again  the  integrated  charge  is 
replaced  tbrcugli  the  recharge  line.  Amplil'ication  of  the  signal 
(I'igurc  2)  is  via  an  integrating  operational  amplifier  to  yield  a  signal 
representative  of  envelope  or  bar  reflectance.  Amplifier  output  is 
sampled  with  an  analog/digital  converter  of  4-bits  to  provide  sixteen 
gray  level  resolution  of  envelope  reflectance.  An  auLomr.lic  gain 
control  circuit  (Figure  5)  is  employed  to  set  the  A/D  converter  wliite 
reference  .at  a  level  corresponding  to  the  envelope  "white"  in  order  to 
compensate  for  envelopes  of  varying  color  or  reflectance.  An  area 
correlation  unit  is  employed  to  provide  dynamic  thre.sholding  of  the 
gray-level-data  to  a  binary  quantized  black/while  decision.  In  the 
threshold  unit  local  reflectance  data  is  cmjiloycd  to  set  threshold  level 
based  on  local  samples  immediately  a  round  a  particular  cell.  For 
recognition,  a  5  by  16  matrix  (Figure  5),  is  employed  on  which  digital 
feature  combination  logic  operates  to  perform  recognition  of  bar /half¬ 
bar  classe.s. 

5.0  EXPEIUMENTAL  RESULTS  -  SCANNED  ARRAY  BAR  READEIR 

Figure  6.a  illustrates  a  line  printer  generated  bar  coded  addros.'^ 
block,  which  it  n^ay  be  noted,  is  of  .substantially  lower  quality  tnan  a 
pre-priiited  code  (Figure  1).  This  code  field,  sampled  at  0.  012  inch 
vertical  intervals,  0.  OOh  iu_li  horizontal  intervals,  and  ihresholdcd; 
yields  the  video  data  shown  by  the  lower  trace  of  I'igure  6b.  Also 
shown  (Figure  6b,  upper  trace),  arc  the  output  signals  froin  bar  code 
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rccogrilioi)  Unit,  that  thovv  accurate  rcca^nitiun  the  pocr 

quality  of  bar  code  saMiplc,  Of  priiviary  concern,  in  dctcrniination 
of  Ihc  usefulness  of  scanned  array  jihotoinodc  eeiisoi  s,  is  oblair'inj;  an 
accurate  remlitioi.  of  cnvclope/data -field  roflcciancc  at  higii  scan  rates. 
Oar  results  to  dale,  itidicaln  that  a  dytiamic  ra’.igc  of  at  least  lo.i  ntay 
bo  obtained  at  sar»i2^^i'‘S  rales  of  2  Mcga’iei  tr,,  by  use  of  re.set  niodo 
integrating  operational  antjililicr  cireuit  to  caneel  ont  clock  transients 
firesent  in  llie  array  outjini.  Two  factor-s  linuL  the  higliest  satnpling 
rale;  1)  array  reeh-arge  RC  time  interval  of  100-20t)  nanoseconds, 
and  2)  .aiiipliiier  reset  and  settling  ir.torval  of  60-120  nanoseconds.  In 
this  apiilicalion,  the  sampling  of  40  cells  in  the  time  interval  (32 
microseconds)  con  espondi i:g  to  envelope  disj>lacamcnl  of  0,008  iucli 
at  a  250  inch, ^second  mail  transj.ort  velocity  yields  a  per  cell  interval 
ol  800  nanoseconds,  that  is  well  v/ithin  the  rate  limit  .factors.  Primary 
rationale  for  en.ployment  of  scanned  array  technology  in  lieu  of 
discrete  photol  ransisti>r  arrays  i.s  cost  savings  by  reduction  froJii 
forty  to  one  amplilier  channels.  This  advantage  is  sornew'nat  offset 
by  the  necessity  for  a  more  sophisticated  and  costly  amplifier  for  the 
scanned  array;  however,  additional  and  significant  advantages  accrue 
.as  follows:  eliniinatioii  rf  fibor-ojilic  a.ssemblies,  reduced  illumination 
level  requirement,  .and  comit-icl  overalt  optical  path. 

6 .  0  POa  i'A  A  r >.PLJ CA  riOKS 


rixperiiiiOiital  results  desi  rihed  in  par.-igraph  5.  0  are  for  a  6-*- 
photodiode  .scanned  array  of  which  o.nly  40  eicmcnl  s  were  emiiloy^ed  for 
a  0.  5  inch  field  of  view  with  0.  1025  inch  vertical  sanipling  interval. 

Bar  code  reader  described  herein,  w-ilh  a  limited  0,  5  inch  field  of  view 
is  termed  "Fixed  Position  Bar  Code  Reader",  where  the  location  of 
code  field  is  Known.  For  an  extended  coverage  envelope  width  read 
band  of  several  inches,  more  elements  are  required,  for  example, 

256  cells  with  0,  010  inch  vertical  sampling  interval  for  a  2.  56  inch 
overall  field  of  view.  An  extended  cap.ability  unit  "Variable  Position 
Bar  Code  Reader"  with  a  2.  56  inch  envelope  width  field  of  view  is  cur¬ 
rently  under  development  by  Kecocr. ;! ion  Fquintnent  Incorporated  for 
the  United  States  Po,stal  Service.  This  unit  is  to  be  capable  of  dis¬ 
tinguishing  between  code  fields  and  alpb.. numeric  address  information 
interference.  T'or  this  application,  a  256  photodiode  array  with  a 
10  Megahertz  sampling  rate  is  required.  A  custom  LSI  sensor  chip 
with  four  video  cliannels,  each  operating  at  2,  5  Megahertz,  is  to  be 
employed  to  attain  tlie  jiet  sampling  r.tle  of  10  Megahertz.  It  may 
also  be  noted,  that  consistent  with  device  and  amplifier  scanning  rate 
limitations,  sufficient  rc-.wlu(ion  nr./  be  obtained  v-ith  512  element 
arrays  for  optical  character  recognition  of  address  blocks  on  un-coded 
mail. 
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Figure  1  Envelope  with  Pre- Printed  Mail  Sorting  Bar  Code  Fields 
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Rc^'-ler  Comprising  Read  Optics  Unit  and  Control 
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EFFECTS  OF  HIGH  ENERGY  PULSES  ON  HYBRID  CIRCUIT  MATERIAL£ 


J.  F.  Burgess,  C.  A.  Neugebauer,  R.  A.  Si.gsbee 


Abstract: 

The  thermal  and  mechanical  behavior  of  Au,  Cu,  A1  and 
Ni-Cr  films  and  Al-30%  Ge  solder  on  BeO  and  Al^O-  substrates 
when  exposed  to  a  short  high  intensity  energy  pulse  is 
examined..  A  range  of  energies  is  considered. 


Preceding  page  blank 
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EFFECTS  OF  HIGH  ENERGY  PULSES  ON  HYBRID  CIRCUIT  MATERIALS 


J  F,  Burgess,  C.  A.  Neugebauer,  R.  A.  Sigsbee 

In  high  energy  pulse  environments,  hybrid  circuits  Cw  tain- 
ing  Tiu  conductors  are  unsatisfactory  because  of  absorption- 
induced  failures.  In  this  case,  the  Au  conductors  fail  due  to 
heating  caused  by  the  high  absorption.  To  avoid  this  problem, 
h' brid  systems  which  utilize  A1  conductors  and  Al-Ge  chip -bonding 
solders  have  been  proposed.  This  study  analyses  the  high  energy 
pulse  behavior  of  materials  likely  to  be  considered  for  hybrid 
circuit  conductors,  resistors  and  substrates. 

in  this  study,  the  primary  conductor  materials  considered 
are  Au,  Al,  Cu  and  NiCr  in  combination  with  AI2O3,  BeO  and 
Si02  substrates.  The  temperature  rises  due  to  absorbed  energy 
were  calculated  using  the  appropriate  absorptions,  heat  capac¬ 
ities,  and  thermal  conductivities.  Results  were  interpreted  in 
terms  of  the  attendant  failure  mechanism,  such  as  melting,  vapor¬ 
ization,  thermal  expansion  induced  stresses,  and  irreversible 
structural  changes.  The  maximum  transient  temperature  achieved 
by  the  films  or  bonded  chips  on  a  ceramic  substrate  included 
heat  losses  to  the  substrate.  I’rincipal  attention  was  devoted 
to  the  region  where  the  differences  in  absorption  are  large. 

The  maximum  transient  temperatures  are  plotted  in  Fig.  1  for 
various  film  materials  of  several  thicknesses  on  BeO,  AI2O3  or 
Si02  substrates  as  a  function  of  the  incident  fluence  level  in 
cal/cm2,  assuming  an  initial  temperature  of  25 “C.  The  induced 
thermal  stresses  in  the  film  which  can  lead  to  failure  directly 
or  through  the  excitatiuji  of  acoustic  vibrational  modes  in  the 
hybrid  structure  were  then  calculated  for  films  thin  relative 
to  the  substrate  and  are  plotted  in  Fig.  2. 

The  principal  conclusions  for  various  energy  ranges  in 
order  of  decreasing  energy  are: 

Range  A 

Here  the  absorption  coefficients  of  all  materials  are  the 
same  within  a  factor  of  2  or  3.  Failure  may  then  occur  when 
the  temperature  rises  to  the  melting  point  of  the  lowest  melting 
mai-.erial  present,  such  an  the  chip  attachment  solder. 

Range  B 

Here  the  difference  in  absorption  between  various  materials 
is  very  great  and  low  absorption  are  superior.  The  principal 
conclusions  in  this  energy  region  are: 

1.  Al,  Be,  Si,  AI2O2,  BeO  and  Si02  all  experience  similar 
temperature  increases.  '^Also  the  temperature  rise  in  Al  films 
will  not  depend  on  the  film  thickness. 
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2.  The  transient  temperature  rise  for  Cu  films  on  AI2O2 
or  BeO  substrates  is  le&a  than  1/50  that  of  Au  films. 

3.  The  transient  temperature  rise  for  a  Cu  film  depends 
strongly  on  its  thickness  and  the  thermal  conductivity  of  the 
substrate,  in  addition  to  the  pulse  duration.  The  thinnest  Cu 
film  on  the  highest  conductivity  substrate  is  optimum.  Never¬ 
theless,  even  lOOOA  of  Cu  on  BeO  experiences  twice  the  tempera¬ 
ture  rise  of  A1  films. 

4.  If  a  solder  containing  appreciable  quantities  of  medium 
absorption  elements  is  used,  a  fluence  level  of  160  cal/cm^  may 
not  be  exceeded  for  practical  solder  thicknesses  or  melting  will 
occur. 


5.  If  an  A1  conductor  system,  or  a  thin  (<5000A)  Cu  system 
is  to  be  used  to  its  full  advantage,  only  A1  or  lower  absorption 
materials  may  be  used  in  the  die  attachment.  However,  there  are 
no  thickness  limitations  on  these  materials.  Similarly,  NiCr 
resistors  on  the  chip  must  be  replaced  with  lower  absorption 
materials,  or  have  a  better  heat  sink  than  Si02- 

6.  Stress  induced  failures  may  be  caused  by  shear  stresses 
generated  during  heating  making  the  interfacial  bond  strength 
critical.  Film  thicknesses  and  temperature  increases  should 
always  be  minimized  to  reduce  interfaciai  shear  stresses,  even 
if  yielding  occurs. 


Range  C 

Here  the  energy  absorption  of  Al  and  Si  is  '\'l/30  that  of 
Au,  compared  to  Cu  and  Ni-Cr  which  absorb  ''^1/5  that  of  Au.  The 
transient  temperature  rises,  relative  to  Al,  for  medium  absorp¬ 
tion  materials  are  greater  than  for  Range  A  but  may  be  acceptable 
for  medium  energy  density  environments. 

Range  D 

The  absorption  by  Al  and  Si  is  '^'l/i0  that  of  Au  and  Cu  is 
'^'1/4  that  of  Au.  The  absorption  by  Be  and  BeO  is  significantly 
lower  than  for  Al  or  A1202-  BeO  substrates  are  tlierefore  better 
heat  sinks  in  this  energy  range.  This  may  be  particularly 
important  when  the  pulse  is  repetitive. 
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NEUTRON  RADIATION  HARDENED  GaAs  JUNCTION  FIELD-EFFECT  TRANSISTORS 


OPERATING  IN  THE  HOT  ELECTRON  RANGE* 

R.  Zuleep; 

McDonnell  Douglas  Astronautics  Company 
5301  Bolsa  Ave. ,  Huntinp;ton  Beach,  California  926U7 


ABSTRACT 

Fast  neutron  induced  de^^radatlon  characteristics  of  8hoi"t 
channel  GaAs  Junction  field-effect  transistors  operating?  in 
the  hot  electron  ranpte  are  presented.  The  neutron  degradation 
improvement  factor  is  theoretically  predicted  and  is  experi¬ 
mentally  verified  to  correlate  with  the  predictions.  DeRrada- 
tlon  of  GaAs  J-FET  transconductances  up  to  a  neutron  fluence 
of  1,2  X  lC^-°  n/cm^  (E>10  keV)  are  reported, 

1)  INTRODUCTION 


Short  channel  GaAs  junction  field-effect  transistors  operate  in  the 

hot  electron  range.  An  extended  unipolar  transistor  theory  by  Lehovec 

and  Zuleeg^^^  describes  the  voltage-current  characteristics  in  explicit 

mathenatlcal  relations  and  includes  the  effects  of  scattering  limited 

velocity  saturation.  An  application  of  these  theoretical  results, 

together  with  known  carrier  r^noval  rates  and  degradation  of  N-type  GaAs 

material,  predicts  improved  neutron  degradation  characteristics  of  GaAs 

J-FET 's.  The  theoretical  analysis  emd  preliminary  data  for  the  effects 

of  fast  neutron  irradiation  on  the  eiectrlcal  parameters  of  N-channel, 

GaAs  J-FET 's  operating  under  hot  electron  conditions  was  published  by 

(2) 

McNlchols  and  Zuleeg  .  This  paper  presents  extensive  measurements  of 
degradation  characteristics  of  GaAs  J-FET' s  which  were  exposed  to  a  fast 


»  This  work  was  sponsored  in  part  by  the  Air  Force  Cambridge  Research 
Laboratory  and  the  McDonnell  Douglas  Astronautics  Ccanjiany  Independent 
Research  and  Deve.lopnent  Program. 
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neutron  fluence  up  to  .1.2  x  10  n/cia  (E>10  keV). 

2)  EXPERIMENT 

The  GaAs  J-PET'b,  Fig.  1,  uced  In  this  study  were  fabricated  on 

R-type  layers  1-2  pm  thick  with  carrier  concentrations  In  the  range  of 
1*)  -■?  1"^  -3 

10  cm  to  10  '  cm  epitaxially  grown  on  chromium  doped,  semi- 
insulating  substrates.  The  gate,  with  a  length  of  5  cm.  Is  zinc  diffused 
across  a  mesa  formed  by  etching  throug;h  the  epitaxial  layer.  Source, 
drain  and  gate  contacts  are  alloyed  AuGe.  The  maximum  frequency  of 
oscillations  for  the  devices  is  about  6  GHz. 

The  data  for  the  normalized  transconductanc e  degradation  of  the 

J-FET's  as  a  function  of  channel  doping  for  a  neutron  fluence  of 
15  2 

2  X  10  n/cm  are  presented  in  Fig.  2  for  all  transistor  lots  tested 
under  the  study  program.  Each  lot  was  composed  of  a  minimum  of  ten 
devices.  It  Is  evident  that  tlie  average  value,  and  the  standard  devia¬ 
tion  range,  of  normalized  transconduetance  degradation  of  device  lots 
doped  with  2  X  10^^,  2  x  10^^,  5  x  10^^  and  1  x  10^*^  cm'”^  are  predicted 
by  the  theory  for  z  >>  1,  where  by  deflnltlon^^^ 


(1) 


and  where  p  is  the  low  field  drift  mobility,  is  the  device  pinch-off 

voltage,  V  is  the  carrier  drift  saturation  velocity  and  L  is  the  gate 
^  (?) 

length  of  the  device.  From  theory  one  obtains  for  V  >>  V.  ,  where 

o  b 

Is  the  Junction  built-in  voltage,  the  relations 


g^/g^o  "  (pN/p^N^)  for  z  =  0 


(pN/p  N 
o  o 


for  z  >>  1 


ViTien  z  >>  1  the  devices  operate  in  the  hot  electron  range.  For  devices 
operating  in  the  Shockley  mode,  i.e.  z  *  0,  the  degradation  would  be 
more  severe  and  comply  with  theoretical  predictions  given  as  the  dashed 
line.  The  a  ;re«nent  of  the  results  with  the  theory  for  z  >>  1 
establishes  the  improvement  factor  which  is  inherent  to  GaAs  field- 
effect  transistors  operating  in  the  hot  electron  range.  According  to 
Eq.  3  the  low  field  mobility  degradation  and  the  carrier  concentration 
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reduction  enter  in  the  hot  electron  r&nfre  case  vlth  a  pover  of  1/3, 
whereas  In  the  Shockley  case  the  degradat''.on  of  la  proportional  to  the 
product  of  uN  (Eq.  ?). 

The  small  degradation  of  and  almost  unnoticeshle  change  of  drain 
saturation  current,  1^,-,  of  two  GaAs  J-FET's  with  a  channel  doping  of 
1  X  10  cm  ,  exposed  to  a  neutron  fluence  of  1  x  10  ^  n/cm  (E>10  keV), 
Is  demonstrated  in  Fig.  3.  Drain  saturation  current  In  the  hot  electron 

range  is  determined  by  a  velocity  limited  current  component,  I  ,  through 

(1)  ° 

the  relation' 


DS 


o  m 


(‘0 


where  »  qNv^aW  and  u^  is  a  normalized  drain  voltage  and  related  to  Z, 

Since  u_  and  v  are  aoauroed  constant,  the  degradation  of  Is  onlv 
mm  ’  DS 


the  Shockley  case  Is  proportional  to  pN'  and  larger  changes  would  be 


related  to  the  change  in  N,  which  Is  less  than  5%  for  this  fluence.  For 

? 

T  o  'nT*nT\r»v»i‘  1  r\nn  ■  ^  «  «•  lu 

DS 

expected  due  to  degradation  of  u.  Fig.  presents  the  predicted  degrada¬ 
tion  of  normalized  transconductance  vs.  neutron  fluence  for  three 
different  channel  doping  concentrations  of  OaAs  J-FET's  operating  in  the 
hot  electron  reuige  according  to  Eq.  3.  Experimental  points  are  shown 
which  present  the  average  value  of  18  OaAs  J-FET's  fubrlcated  on 
material  with  a  channel  doping  of  approximately  1  x  10^"^  cm”^  and  exposed 

to  successively  higher  fluence  levels.  The  unclrcled  data  point  at 
15  2 

♦  =  8  x  10  r/cm  was  obtained  by  annealing  the  de^rices  at  250°  C  for 

10  minutes.  As  received,  the  devices  experlp  iced  an  abrupt  degradation 

to  values  of  0.5  to  0.6  in  contrast  to  the  theoretical  predictions. 

Since  the  annealing  is  of  the  stage  I  chp-racterlstic,  as  observed  bv 
(3) 

Aukerman  et  al,  the  speculation  is  that  this  component  of  the  daiaeige 

may  be  due  to  the  appreciable  gamma  flux  present  during  neutron  Irradln- 

tion  at  the  higher  fluences.  Isochronal  annealing  studies  on  devices 

l6  2 

exposed  to  a  fluence  of  1.2  x  10  n/cm  are  in  progress  to  clarify  the 
degradation  mechanism. 


3)  CONCLUSION 

Operation  of  GoAs  J-FET's  in  the  hot  electron  range  yields  a  neutron 
degradation  improvement  factor,  which  was  experimentally  verified. 
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17  -3 

Devices  with  a  channel  donor  concentration  of  1  x  10  cm  '  or  Rreater 

1  ^  ? 

:.re  capable  of  operatlnK  at  a  fluence  level  of  1  x  10  n/cm'^  In  a 
variety  of  circuit  applications  with  tolerable  degradation  and  with 
negligible  degradation  of  electrical  parameters  at  a  fluence  of 
1  X  10^^  n/cm^. 
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FET  GEOMETRY 


Channel  Length  5  ;jn:  Cen&rat 


Fi<?ure  2  IToraalized  Transconrtuctance  Det^radatlon  vs,  Channel  Doplnj?  for 
a  Fluenee  of  2  x  Jicutrons/ca^  (E>10  keV)  for  the  ease 

2  ■  0  and  2  »  1.  Experlaental  Resiats  of  GaAs  J-FET'a  vlth 
Various  Channel  Doping,  Concentrations  are  Indicated  hy  Circles. 
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Abstract 


TOWER  TRANSISTORS  RESPONSE  TO 
HIGH  PROMl'T  GAMMA  DOSE  RATE  LEVELS 

A.  A.  Wittcles,  M.  L.  Eisenborg,  and  S.  Henig 

The  Singer  Company,  Koarfott  Division 
Little  Falls,  New  Jersey,  074?4 
(201)  256-4000 


Experimental  data  is  presented  on  the  transient  response 
of  power  transistors  to  prompt  dose  rate  levels  of  between  10®  - 
lO-*-  rads  (Si) /sec.  For  the  higher  dose  rate  levels  where  catastro¬ 
phic  failure  was  encountered,  design  circumvention  techniques  are 
presented. 


POWER  TRANSISTORS  RESPONSE  TO 
HIGH  PROMPT  GAMMA  DOSE  RATE  LEVELS 


A. A.  Witteles,  M.L.  Elscnburg,  and  S.  Hcnig 


The  Singer  Company,  Kearfott  Divisi in 
Little  Falls,  New  Jersey,  07424 
(201)  256-4000 


In  most  electronic  systems  exposed  to  a  nuclear  radiation  burst, 
the  most  susceptible  part  of  the  system  to  both  transients  and  permanent 
damage  is  the  power  supply  section.  This  problem  becomes  even  more 
acute  at  high  dose  rate  levels  where  primary  photocurrents  of  as  much 
as  hundreds  of  amperes  have  been  measured.  In  order  to  effectively  solve 
the  problem  of  power  supply  survivability,  a  thorough  understanding  of 
the  response  of  power  transistor  to  prompt  gamma  dose  rates  levels  is 
required.  It  is  the  purpose  of  this  paper  to  present  the  results  of 
an  effort  designed  to  yield  sufficient  experimental  data  on  power  transistors 
in  a  nuclear  environment.  These  results  attempt  to  both  advance  the 
understanding  of  the  behavior  of  power  components  at  high  levels  and 
present  the  power  supply  design  engineer  with  helpful  transient  components 

J  ^  i.  . 
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EXPERIMENTAL  ,  ROCEOURE 

Three  standard  transistor  types  and  one  hardened  (Solitron)  transistor 
type  were  exposed  to  a  prompt  gamma  dose  rate  environment  ranging  from 
l(r  to  lO'^rads  (Si)/sec.  Five  units  of  each  type  were  irradiated.  These 
were : 

(1)  BRIOOB  Solitron  Devices  Hardened  Transistors  (5  Amp) 

(2)  W1714-1405  -  Westinghouse  Power  Transistor  (5  Amp) 

(3)  2N5805  -  RCA  Power  Transistor  (IQ  .Amp) 

(4)  2N2219  -  Motorola  Transistor  (0.8  Amp) 

The  Solitron  devices  were  chosen  due  to  their  wide  availability  in 
a  variety  of  case  styles,  and  have  a  number  of  similar  types  available, 
thus  making  them  applicable  in  a  number  of  hardened  power  supply  applications. 
The  other  devices  were  chosen  due  to  their  general  usefulness  in  systems 
which  do  not  have  a  severe  neutron  environment. 

The  units  were  irradiated  in  three  different  facilities: 

(1)  Gulf  Radiation  Technology  LINAC  (108  -  10^0  rads  (Si)/sec). 


(2)  Physics  International's  1140  Pulsorad  (108  -  lOH  rads/sec). 

(3)  Air  Force  Weapons  Ul.'s  PI"1590  Pulserad  (lOil  -  10^2  rads/sec). 
Transient  primary  photocui^rents  were  measured  by  utilizing  the  test 
circuits  shown  in  Figure  la  and  b. 

Test  circuit  la  was  utilized  at  lower  level  LINAC  testing  where 
electrical  noise  problems  were  not  severe.  At  high  dose  rate  levels 
(Flash  X-Rays)  a  novel  technique  was  used  to  record  Ipp  through  a  charge 
storage  phenomena. 

The  data  obtained  is  presented  in  graphical  form.  The  plot  which 
appears  in  Figure  5  shows  Ipp  vs  gamma  dot  level  for  each  transistor. 

A  representative  set  of  raw  data  is  now  presented.  Figure  2  shows 
the  primary  photocurrent  of  the  2N5305  power  transistor  as  obtained  from 
the  circuit  of  Figure  la.  The  primary  photoCurrent  for  this  device  is 
900  ma  and  could  cause  significant  damage  in  a  circuit  if  not  compensated 
properly.  Figure  3  shows  a  primary  photocurrent  of  200  ma  for  the  W1714- 
1405  power  transistor.  Figure  4  illustrates  the  response  of  the  BRIOOB 
using  the  circuit  of  Figure  lb.  A  current  of  approximately  120  amps  was 
obtained.  This  current  caused  catastrophic  failure  in  the  device  through 
burnout. 


DISCUSSION  OF  RESULTS 

The  results  obtained  in  this  effort  clearly  indicate  that  most  power 
transistors  including  hardened  devices  cannot  withstand  a  transient  ganma 
burst  exceeding  about  5x10l0  rads/sec  without  a  serious  possibilit)  for 
catastroplric  failure.  The  graph  illustrates  a  qualitative  relationship 
that  can  be  used  as  a  good  rule  of  thumb  to  determine  primary  photocurrents. 
The  higher  the  fj  of  the  transistor  the  lower  the  photocurrent  at  any 
given  radia^.ion  level.  This  is  due  to  the  fact  that  the  fy  is  dependent 
on  the  collector-base  capacitance,  which  is  directly  related  to  the 
collector  base  area.  This  area,  in  turn,  weighs  heavily  in  the  photocui^rant 
generation.  Since  converitior"''  junction  compensation  techniques  would  be 
completely  ineffective  at  leveis  exceeding  10'®  rads/sec,  the  power  supply 
designer  is  forced  to  seek  design  circumvention  techniques.  The  method 
of  junction  photocurrent  coi""<;nsatien  becomes  ineffective  at  high  dose 
rates  (above  lO'®  rads/sec)  uue  to  two  factors;  (1)  A  mismatch  between 
the  primary  junction  photocurrent  and  the  compensating  junction  photocurrent 
develops  thus  rendering  compensation  totally  ineffective,  (2)  At  severe 
dose  rat'^s  and  large  junction  areas  burnout  becomes  very  probable.  Hence, 
other  techniques  must  be  sought  wf  '•'.h  when  combined  with  prudent  design 
solves  the  proolem  at  these  higher  levels. 

Collector  circuitry  should  include  a  resistor,  so  that  the  collector-base 
photocurrent  is  limited.  The  value  of  this  resistor  should  be  the  maximum 
resistance  that  does  not  affect  normal  circuit  operation.  In  power  supply 
circuits  such  as  pulse  width  modulators,  the  high  amount  of  inductance 
already  in  the  circuit  might  be  enough  to  prevent  any  damage.  The  maximum 
cur-ent  change  can  be  calculated  from  a  knowledge  of  the  circuit  and  the 
width  of  the  radiation  pulse  (maximum  change  in  the  inductor,  not  the 
transistor  junction).  If  the  current  is  too  large,  it  can  be  reduced  by 
increasing  the  inductance  of  the  inductors.  If  necessary  additional 
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inductors  can  be  placed  in  the  collector  circuitry. 

Care  should  also  be  taken  when  using  capacitors,  since  they  can 
supply  large  amounts  of  current  over  short  periods  of  time.  The  circuit 
should  be  checked  for  large  equivalent  capacitances  appearing  across  the 
collector  base.  An  example  of  this  appears  in  figure  6.  Again,  a  base 
resistor  can  bo  inserted. 


CONCLUSION 

Using  the  above  techniques  and  data,  the  power  supply  engineer  has 
some  useful  tools  to  use  when  designing  power  supplies  to  the  higher 
levels  of  prompt  gamma  radiation. 
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FIGURE  1 


TEST  CIRCUITS  FOR  PRIMARY  PHOTOCURRENT  MEASUREMENTS 


Figure  2  -  TRANSIENT 
RESPONSE  OF  2N58G5  AT 
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Figure  3  -  TRANSIENT 
RESPONSE  OF  W1714-1405 
AT  10®  r/s 
TOP  TRACE  -  V' 
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Figure  4  -  TRANSIENT 
RESPONSE  OF  BRIOOB  AT 
10^^  r/s 

Vout  ™N. 
in  Fig.  lb, 

C  1  uF 
VERT  -  S  v/cm 
HORIZ  -  .1  us/cm 
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TRANSIENT  IONIZATION  TESTING  OF  PULSED  MICROWAVE 
TRANSCEIVER  MODULES  DESIGNED  FOR  PHASED-ARRAY 
RADAR  APPLICATIONS* 


J.  A.  Lipman  and  R.  S.  Klein 
Texas  Instnunents  Incorpm-ated,  Dallas,  Texas 


ABSTRACT 

Tlie  importance  of  radia'ion-liatd  microwave  T/R  modules  in  phased  radar  systems  necessitates 
well-planned  and  well-executed  radiation  testing  of  such  circuits. 

Tliis  paper  describes  die  test  equipment  and  leclmiques  required  for  transient  ionization  data 
acquisition  and  die  representative  data  diat  may  be  obtained  frosn  a  typical  module. 


INTRODUCIION 

The  importance  of  die  phaseJ-array  transcetver  module  is  'mbodiect  in  die  comninaiion  of  low-nuise 
signal  reception  and  high-power  transmission  capability  in  an  independent  operating  entity  Array 
versatidity  and  long-teim  useful  life  are  the  designer’s  aim.  Each  is  achievable  by  realizing  a  high  MTBF 
module  and  graceful  degradation  of  the  array  associated  isnth  a  large  number  of  array  elements.  Reliable 
integrated  circuits  (logic  and  microwave)  provide  a  cmipact  combination  to  achieve  die  systan  aims  and 
a!'.sociated  nucleat  hardness. 

Irradiation  of  solid-state  circuits  by  an  ionizing  source  results  in  die  generation  of  transient  anomalous 
currents.  Most  prominent  are  photocurrents  caused  by  canier  generadon  within  the  depiction  volume  of  a 
reverse-biased  PN  junction.  Transistor  action  may  produce  a  pulse  of  current  many  times  die  primary 
photocuircnt  generated  in  the  collector  base  junction. 

Additionally,  high-ionizadon  dose  rates  result  in  electron  displacement  currents  in  ma'jriais  and 
between  adjacent  conductors,  possibly  causing  device  failure  due  to  burnout. 


MODULE  DESCRIPTION 

The  Eband  transceiver,  sliown  in  block-diagram  form  in  Figure  1,  is  realized  in  duec  sections: 
receiver,  transmitter,  and  common  circuitry.  The  receiver  is  composed  of  a  three-stage,  class  A  amplifier 
characterized  by  34  dB  of  gain,  a  3.5-dB  noise  figure,  and  a  limiter  providing  incident  power  protection  for 
levels  up  to  40  watts.  Tlie  transmitter,  a  scries  connection  of  class  A  and  class  C  powci  stages,  is  designed  to 
achieve  40  to  60  watts  output  power  at  long-term  duty  cycles  exceeding  30  peicent. 


•This  work  supported  by  die  U.S.  Army  ECOM  under  Contract  l)AAB07-71-C-0202. 
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Cojiinion  to  belli  iratisniil  and  receive  functions  arc  tlic  four-bit  Unc-lcnglb  phase  sliiftcr,  logic, 
channel  T/R  switcli.  and  circulator,  llicse  circuits  arc  centrally  located  to  optimize  both  modes  of 
operation, 

Tliin-ldni  substrates,  beam-lead  components,  chip  I'^s,  and  discrete  microwave  transistors  are 
integrated  to  fabricate  each  module.  Two  exceptions  are  tire  Kapton  d-c  inlca'onnccl  and  tlic  antenna  port 
circulator.  Finally,  the  electrical  functions  arc  enclosed  in  a  hcmrctically  scaled  nickel-plated  aluminum 
housing. 


IONIZATION  TEST  DESCRIPTION 

A  block  di.agram  of  tire  test  box  used  for  transreni  ionization  tests  is  shown  in  Figure  2.  A  90-volt 
battery  is  used  to  bias  two  PIN  diodes  which  arc  a-c  coupled  across  a  50  fl  load  into  an  oscilloscope.  The 
outputs  of  the  diodes,  placed  at  critical  points  on  the  module,  arc  used  to  nronitor  ionization  dose  rate  and 
the  shape  of  the  ionizing  pitlsc.  Transient  monitoiirtg  of  .all  bias  supplies  is  aecomplisltcJ  tlrrough  tire  use  of 
current  transfonticrs  and  capacitor  noise  supprc.ssion,  a.s  described  in  the  TRFF  handbook. 

Figure  3  sliows  the  metliod  used  to  profrlc  the  radiatiorr  dose  rate  received  by  Ilie  module. 
Strategically  placed  TLD  discs  arc  employed  to  determine  dose-rale  unifomiity  and  (lie  intensity  of  the 
radiation  pulse  as  seen  by  various  module  circuits,  c.g.,  receiver,  power  final,  and  logic.  Experimental  results 
sliowed  that  the  dose  rate  at  dosimeter  A1  was  a  7.2  limes  that  at  either  B1  or  B2;  hence,  the  latter  were 
used  for  radiation  monitoring  during  the  .tctual  tests  .so  tliat  tlie  dose  rate  received  by  tlie  module  is  not 
altered  by  (he  presence  of  a  dosimeter  between  it  and  die  X-r.iy  beam.  Peak  dose  rate  is  taken  as  this  7.2 
multiplication  factor  times  tJie  average  dose  rate  received  by  TLDs  B1  anil  B2, 

Tlie  logic  switcliing  circuit  serves  as  a  parallcl-to-scrial  converter,  simulating  the  module  logic 
rcquiromciits  of  two  4-uii  paraiiei-nhasc  words,  a  4-bit  chxrk,  and  transfer  pulse. 

All  bi.iscs,  transmit-rcccive  switching,  and  phasc-sliifting  logic  connections  arc  made  with  a  shielded, 
miilticonductor  cable  between  the  test  hax  and  the  module.  In  addition,  the  test  box  is  sltieldcd  against 
EMP  and  Rl'l  to  minimize  noise  pickup  on  the  bias  lines  and  PIN  monitor  cables.  Connect ion.s  from  (he 
box  to  bias  supplies  and  oscilloscopes  are  made  svith  appiopiiatcly  loaded  50  iT  cables  to  prevent 
mismatch-induced  transients. 

Figure  4  shows  the  technique  used  for  r-f  pulsing  the  module  during  testing  in  the  transmit  mode.  The 
r-f  source  is  volt.igc  tunable  and  set  for  operation  at  midband  frequency.  Bias  for  tlic  r-f  source  is  supplied 
by  a  re.iiotely  triggered  pulse  generator  with  the  trigger  sign.il  derived  from  tire  control  panel  of  the 
ioni/ation  source.  Bias  pulse  width  and  lunplitiide  are  chosen  to  produce  the  requited  module  output  power 
and  pulse  'engili.  Delay  ntay  be  introduced  between  the  trigger  and  output  of  tlic  pulse  generator  so  that 
the  ionization  pulse  can  iKcur  at  an  arbitrary  point  duiiiig  the  transmit  pulse.  Use  of  tlie  circulator  and 
3-dB  pad  reduces  iiiisiiiatcli  at  the  input  of  tlic  module. 

Ioni/ation  pulses  for  these  tests  were  obtained  from  the  2-McV  Flasli  X-ray  (Eebctroii  705)  at  Kirliand 
Air  Force  Base.  Because  of  tlie  sliort  penetration  depth  of  electrons  in  aluiuimmi  and  other  module 
materials,  a  sheet  of  tantalum  was  used  as  a  Brciii.sstrahhing  eonvciter  and  tests  were  run  under  X-r.ay 
irradiation,  llic  generated  ioni/ation  pulses  have  an  cffceiivc  pulse  width  of  25  to  30  ns  (lialf-powcr  points) 
and  tlic  delay  between  the  control  panel  trigger  pulse  and  onset  of  the  X-ray  beam  is  cotitiiiui'iisly  variable 
up  to  100  ms. 
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TYPICAL  RESULTS 


Figures  5  tluouglr  8  show  typical  transients  observed  on  (he  bias  lines  when  a  module  is  subjected  to 
an  ionization  dose  rate  of  greater  tlian  10'  I  rads(Si)/s.  Tlic  r-f  pulse  piodiiccd  during  transmit  has  a  width 
of  500 /as.  Tlie  S-volt  line  (Channel  A)  biases  tlie  module's  logic  circuitry,  tltc  -  IS  volt  line  (Channel  B) 
powers  tlie  receiver  and  power  preamplifiers,  and  tlie  28-volt  line  (Cha'mcl  C)  is  used  as  tlie  powei  amplifier 
final  bias  supply. 

Figures  5  and  6  sliow  tlie  response  of  tlie  tiiodulc  to  an  ionizing  pulse  while  in  tlie  transmit  mode.  A 
delay  of  12/iS  was  introduced  between  the  beginning  of  the  scope  traces  (as  triggered  by  the  Flasli  X-ray 
control  panel)  and  tlie  onset  of  the  radiation  pulse.  The  same  delay  is  used  for  radiation  pulsing  while  the 
module  is  in  a  receive  mode;  its  response  under  these  conditions  is  indicated  in  tlie  photogiaplis  of  Figures  7 
and  8.  Saturation  effects  of  tlie  cuircnt  transfomier  monitoring  Channel  C  result  in  tlie  wavefonn  exhibited 
by  the  bottom  trace  of  Figure  5. 

Figure  9  sliows  tiie  outputs  of  the  PIN  diodes  during  a  typical  ionization  pulse.  Effective  pulse  widtli 
is  taken  as  25  ns  and  previous  calibration  of  (he  diodes  show  an  output  of  2:6.5  X  10“'®V/iads(Si)/s 
(across  50  S2)  at  tlie  ionization  dose  rates  to  which  'he  modules  were  subjected. 

Table  1  indicates  the  circuitry  of  the  module  biased  by  Clianncls  A  tlirougli  C  and  tlie  quiescent 
current  level  of  each  channel.  The  laSi  two  columns  slio’.v  the  amplitudes  and  recovery  times  of  tlie 
transients  sliown  in  Figures  5  through  8. 

A  sufficient  and  intelligent  choice  of  network  parameters  must  be  ev.iluatcd  to  detect  any  pcmiancnt 
effects  due  to  irradiation.  NF,  gain,  phase  sliift  and  linearity,  and  iogic  switching  effectively  summarize 
receiver  operation.  Power  output,  efficiency,  pulse  droop,  and  phase  settling  are  recorded  as  basic 
transmitter  parameters.  Table  2  typifies  parametric  effects  on  tlie  T/R  modules  due  to  ionizing  radiation. 


CONCLUSIONS 

Concurrent  ionization  testing  and  electrical  evaluation  of  the  modules  revealed  scver.il  critk  il  points. 
Tlie  unavailability  of  proper  r-f  equipment  for  module  evaluation  at  the  ladialion  site  makes  nccessaiy  the 
use-  of  indirect  factors  for  detennining  survivability  to  an  ionizing  pulse.  Both  quiescent  bias  current  levels 
and  the  presence  of  a  power  pulse  on  the  transmitter  bias  line  can  be  recorded  to  indicate  parameter 
degradation  or  catastr.'ipbic  failure  of  the  tranaiiiltcr  section. 

Proper  test  design  and  shielding  arc  required  to  reduce  F.MP  and  noise  geiietation  because  they  may 
be  sufficiently  higli  to  cause  component  failure  due  to  overvoltage  stress  Noise  voltages  as  liigh  .as  60  volts 
have  been  observed  on  module  bias  lines  during  impiopctly  designed  ionization  tests.  An  example  of  lids  is 
sliown  in  Figure  10,  a  photograph  of  open-eiteui'  noise  levels  on  tltc  -15  volt  and  5-voli  lines  taken  during 
an  X-ray  pulse  with  the  employment  of  inadequate  shielding  around  tlie  niodule  and  bias  lines. 

The  stability  of  any  r-f  equipment  used  to  test  the  iiuidulc  before  and  after  ioniz.ation  pulsing  is  a 
critical  parameter.  Long-tcmi  stability  is  a  necessity  to  prevent  misread  parameter  cliangcs  as  being 
attributable  to  ionization-induced  degradation. 

Indications  of  susceptibility  to  transient  ionization  pulses  ate  expressed  in  r-f  parameter  degradation 
or  calastropliic  failure.  Results  based  on  failure  .analysis  indicate  that  higli-lcvel,  ionization-induced  currents 
teinpotaiily  oveistress  circuitiy  (e.g.,  power  stages  operated  near  maxiimim  limits)  that  is  nomially  under 
electrical  stress,  but  may  not  generate  immediately  detectable  failures.  Proper  current  limitation  .ind  ciieuit 
design  will  help  alleviate  this  condition. 
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.  Transceiver  Block  Diagram 


Figure  2.  Test  Box  for  lonizat’or  Tests  on  Phased-Array  T/R  Modules 


FRONT  VIEW 


SIDE  VIEW 


MANIFOLD  ANTENNA 


Fijiurc  3.  Dose  Rate  Profiling 
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I'i^urc  5.  l(Mii/ali(>ii  I'iiIm*.  Moiliilo  in  1  ransiiiil  Modi’ 
l  o|);  Uias  I’lilso  Tor  R-l'  Sonrci’,  U)  V/l)i\. 
Uouoin:  C’liamu'!  C.  2  A/I)iv.  10/js/l)iv.  Hoii/oiilal 


(1.  loiii/ation  Pulse,  Moiliile  in  1  ransniil  Mode 
lop:  Channel  A,  0.1  A/Piv. 

Uotioni:  Cliaimel  11.  40  mA/|)iv.  lOps/Div.  Hori/ontal 
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Figure  9.  Monitoring  of  Ionization  PuLsc  by  PIN  Diodes 
10  V/Div.  Vertical,  100  ns/Div.  Horizoiita! 
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Figure  10.  loiiization-lnduced'  Transients  on  Opcii-t'iTcuit  Bias  Lines 
Top:  Cliannel  A,  20  V/Div. 

Bottom:  Channel  B,  20  V/Div.  0.2f;s/Div.  Horizontal 
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MINIMUM  delay/hardware  ECE  OR/NOR  4 -VARIABLE 
FUNCTION  SYNTHESIS  CATALOG’" 

James  R.  Gaskill,  Jr.  and  Lawrence  R.  Weill 
Radar  Division,  Aerospace  Group 
Hughes  Aircraft  Company 
Culver  City,  California  902  30 


ABSTRACT 

A  minimum  delay,  minimum  hardware  ECL  OR/NOR  Gate 
Synthesis  Catalog  has  been  generated  for  implementation  of  every  four 
variable  logic  function  together  with  its  complement.  The  computei 
program  used  to  generate  the  catalog  is  discussed.  Use  of  the  catalog 
in  the  synthesis  of  an  arbitrary  logic  function  is  illustrated, 

1.0  INTRODUCTION 

As  a  prelude  to  ongoing  inlagrated  logic  circuit  development  wuiK, 
a  fairly'  comprehensive  study  was  undertaken  to  determine  the  capabili¬ 
ties  of  existing  ECL  for  high  performance  digital  communication  and 
sign<al  processing  applications.  As  a  part  of  our  preliminary  work,  a 
special  computer  program  was  written  and  used  to  find  the  minimum 
delay,  then  mmimum  hard'-varc,  i  input  ECL  OR/NOR  gate  networks 
for  generation  of  each  4  variable  logic  function  together  with  its  com¬ 
plement,  The  computer  program  and  the  derived  catalog  are  discussed 
in  this  paper.  Statistics  on  delay  and  hardv/arc  costs  arc  presented; 
use  of  the  catalog  in  finding  the  minimal  synthesis  of  an  arbitrary 
4 -variable  logic  function  is  illustrated. 

Attention  is  restricted  in  the  catalog  to  interconnections  of  ' 

4 -input  OR/NOR  (Current  Switch  Emitter  Follower)  gates  which  have 
an  (Emitter)  output  OR-wired  logic -capability;  wired  logic  fan-in  of  at 
most  4  is  assumed  though  ttiis  docs  not  meaningfully  restrict  derived 
syntlieses.  Results  derived  will  not  be  immediately  applicable  to 
emerging  medium  performance  ECL  MSl/LSI  in  which  both  collector 
and  emitter  wired -logic  can  be  used.  Currently  very  high  performance 
(e.  g.  ,  200ps  Tp{^)  ECL  is  being  produced  only  as  single  gate  SSI  chips, 
however,  and  results  derived  can  be  used  directly  for  these  circuits,  ^ 

"  The  work  reported  was  sponsored  by  tlie  Air  Force  Avionics  Laboratory 
in  the  context  of  work  on  the  Maximum  Speed  Multiplier  Organization 
Program  (Contract  No.  FYl  1  75-7l -00865-TE).  Tl-.ese  efforts  have 
be<;n  guided  by  Lutz  J.  Michcel,  A.ir  Force  Project  Engineer  under  the 
direction  of  Robert  D.  Larson,  Chief  AFAL/TEA  Branch. 
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AUliou{;h  there  arc  2^^  distinct  four  inpiit  logic  functions,  these 
arc  subdivided  among  only  222  different  (hardware)  equivalence  classes. 
Functions  within  cacli  equivalence  class  differ  only  in  the  way  that  input 
and  output  connections  are  made  to/from  a  fixed  interconnected  gale 
network.  All  functions  within  a  given  class  are  implemented  with  one 
circuit  by  interchanging  (permuting)  input  connections  and/or  connecting 
compiciiiented  injiut  variables  (instead  of  uncomplemented  variables) 
and/or  using  the  complemented  (instead  of  uncoinplcmcntcd)  circuit 
output.  For  ECL  synthesis,  complement  input  variables  are  {)roduccd 
simultaneously  by  the  driving  ECL  gates;  similarly,  each  4 -variable 
logic  circuit  produces  the  complcnieiitcd  and  unclomplcm ented  functions. 
In  view  of  th''  above,  this  study  was  restricted  to  finding  the  minimal 
synthesis  for  the  one  required  circuit  for  each  of  the  222  equivalence 
classes.  Consideration  was  further  restricted  lu  networks  in  which 
both  the  function  and  its  complement  were  generated  simultaneously.  * 


2.  0  COMPUTER  PROGRAM  REQUIREMENTS 

Four -input  ECL  Ciirrent  Switch  Emitter  Follower  OR/NOR  gates 
witli  an  output  wired-logic  OR  capability  (with  wired-OR  fan-in  of  4  or 
fewer)  were  used  as  the  gate  building  blocks.  Since  available  ECL  can 
support  fan-out  loads  of  usually  greater  than  10,  no  liniit  was  placed 
on  the  number  of  inputs  to  each  four-variable  circuit.  Driving  circuits 
were  assumed  to  supply  either  the  input  variable  Xi  or  its  complemcuit 
Xj  or  both.  The  program  wa.s  designed  to  find  the  minimum  circuit 
that  produces  (at  the  same  time)  both  the  function  and  its  complement. 

The  ntiiTimization  criteria  -.isod  arc  listed  beluw  in  order  of 
decreasing  importance;  i.  e.  ,  each  criterion  was  satisfied  subject  to 
the  constraint  that  all  previous  criteria  were  satisfied  first: 

1.  Minimum  number  of  levels  of  gating 

2.  Minin^unl  number  of  tot.al  gates 

3.  Minimum  min-ibcr  of  first  level  gates  (gates  all  of  whose  con¬ 
nected  inputs  are  connected  directly  to  the  inpvil  variables) 

4.  Mitiinuun  number  of  leads  to  which  input  variables  are 
connected  (Corresponding  to  minimum  number  of  literals 
iri  Dooiean  c.xpresston  for  f) 

5a-  Minimum  number  of  wired  logic  nodes. 

5b.  Maximum  number  of  wired  logic  nodes. 

Criteria  2  and  3  are  equivalent,  as  is  .shown  sliortly. 


"A  somewhat  similar  study  was  niobt  recently  rejsorted  by  Muroga, 
ct  al.  ,  but  was  restricted  to  the  mucli  smaJer  set  of  (22)  equivalence 
classes  of  three  variable  functions.  In  this  work,  delay  was  NO'I 
considered,  and  attention  was  focused  on  gate  count  and  numbers  of 
input  connections  only. 


3.0  PROGRA.M  DESCRIPTION 


Tlic  proyrdni  used  hinges  on  several  simplifying  logic  circuit 
properties  which  follow  when  ECL  with  wircd-logic  is  useu.  (Exhaus¬ 
tive  searcli  techniques  such  as  those  used  by  Ilellernian^  were  not 
required.  )  These  properties  may  be  stated  concisely  as  two  theorems 
and  a  definition;  the  second  theorem  outlines  the  steps  performed  by 
the  program. 

Theorem  1 


Any  minimal  "NOR"  synthesis  of  a  4-variable  logic  function 
requires  at  most  two  levels  of  gating.  If  tw'o  levels  of  gating  are 
needed  for  a  particular  function,  then  only  one  second  level  (output) 
gate  is  vised.  Eadi  first  level  gate  has  at  least  two  input  variables. 
Furthermore,  tlie  "OR"  (uncomplemented)  output  of  each  first  level 
gate  is  never  used  as  an  input  to  the  second  level  gate. 

From  tliese  results,  it  follows  that  a  minimal  synthesis  can  be 
derived  straightforwardly  from  the  minimal  sum  of  products  Boolean 
expression  for  a  representative  logic  function  for  each  equivalence 
class.  The  minimal  boolean  expression  is  defined  as  follows. 

Definition  (Minimal  Boolean  Expression).  A  sum  of  products 
(e.  g.  ,  Xq5v^x^  ^  XqX^'^T^IT^  +  x^)  is  minimum  if  it  satisfies  tlte  following 

criteria  in  order  of  decreasing  importance  (i.e.  ,  if  each  criterion  is 
satisfied  subject  to  the  constraint  that  all  above  are  satisfied  first), 

1.  The  number  of  operation  types  (e.  g.  ,  AND,  OR,  etc.  )  in  the 
expression  is  minimum  (there  can  be  at  most  two). 

2.  The  number  of  terms  is  minimum. 

3.  The  number  of  literals  is  niinintum. 

The  algorillim  used  by  the  computer  synthesis  (in  terms  of  this 
definition)  is  given  in  the  second  theorem. 

Theorem  2 


The  follow'ing  procedure  will  yield  a  minimal  synthesis  for  a  logic 
function  f; 


First  obtain  minimal  expressions  for  f  and  for  f  and  select 
the  unvaller.  (If  both  are  equal,  select  citlicr  one.  )  Let  g 
equal  the  function  corresponding  to  tlie  selected  minimal 
expression  (i.  c.  ,  g  with  be  either  f  or  f). 


Proofs  will  be  offered  in  tlie  confereai_e  presentation.  Wliile  straiglit- 
forward,  tlioy  involve  treatment  of  several  special  cases. 
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Caric  0.  If  the  selected  expression  has  no  literals,  g  is 
degenerate.  In  tliis  ease  both  g  and  g,  hence  f  and  I,  arc  siinulta- 
nconsly  synthcsizablc  with  no  gates.  (This  case  applies  to  only  one 
equivalence  class.  ) 

Case  1.  If  the  selected  expression  has  exactly  one  literal,  then 
g,  and  lienee  f,  is  of  the  form  x^  (i  =  0,  1,  2,  3;  6  =  ±1:6=  "(1  for 
Xj^  and  b  -  -1  for  x^). 

In  this  case  f  and  f  are  simultaneously  synthcsizablc  with  no 
gales.  (This  case  also  applies  to  one  equivalence  class.  ) 

Case  2.  If  the  selected  expression  lias  one  lerni  and  tliat  term  is 
the  product  of  nior_e  than  one  literal,  then  the  minimal  sinuillaneous 
syntliesis  of  f  and  f  uses  one  "NOR"  gate.  I’he  inputs  to  the  gate  arc 
the  complements  of  tlie  factors  in  tlie  single  term  of  the  selected 
expression,  and  g.  g  appear  at  the  "NOR"  and  "OR"  outjiiits  of  the  gate, 
respectively.  Hence  f  appears  at  one  of  tlicsc  outputs  and  f  at  tlic 
other,  depending  upon  whether  f  =  g  or  f  =  g.  (Tins  case  applies  to 
tliree  classes.  ) 

Case  5.  (All  other  equivalence  classes).  If  tlie  selected 
expression  has  more  tlian  one  teini,  tlic  minimal  simultaneous  synthe¬ 
sis  of  f  and  f  will  have  two  levels.  Each  term  witli  more  than  one 
literal  will  correspond  to  a  first  level  gate,  and  the  inputs  to  tliat  gate 
are  the  conrplements  of  the  factors  in  the  term.  Thus  the  number  of 
first  level  gates  is  equal  to  the  nuniber  of  terms  in  tlic  selected 
expression  that  have  more  than  one  literal.  TJie  inputs  to  tlie  second 
level  gate  will  be  tlie  "NOR"  outputs  of  tlu-  firs*  level  gates  (using 
wired  "OR  "ing  of  those  outputs,  as  necessary)  and  the  variables  that 
appear  as  terms  of  the  selected  o.xprcssion  having  a  single  literal. 

If  f  =  g,  then  f  and  f  appear  at  the  "OR"  and  "NOR"  outputs  of  the 
second  level  gates,  respectively;  otherwise  the  outputs  are  reversed. 

4.  0  ECE  SYNTHESIS  CATALOG 

The  computer  program  embodying  the  above  algoritlim  was  used 
to  generate  a  222  page  catalog.  Typical  pages  are  shown  in  Figures  1, 
2,  and  3.  Each  is  lieadcd  by  its  class  number  and  class  identifier 
(discussed  in  Section  5).  Also  included  are  a  Karnaugli  Map  of  the 
function  synthesized,  a  h.ardwarc  data  sumniary,  and  the  gate  circuit 
configu  ration. 

Some  of  the  more  useful  statistics  governing  minimal  ECL  syn¬ 
thesis  of  4 -variable  logic  functions  are  shown  in  Figure  4.  It  was 
found  that  simultaneous  synthesis  of  each  output  and  its  complement 
for  4-variable  functions  require  an  average  delay  of  about  1.97  stages 
and  that  an  average  netv/ork  requires  about  4.S5  gales.  Statistics 
related  to  the  loading  of  the  ECL  circuits  driving  the  four  variable  net¬ 
works  arc  presented  in  Figures  5  through  7. 


The  complete  catalog  will  be  available  in  the  near  future  as  a  Hughes 
special  report. 


Figure  5  shows  the  distributions  for  the  iiiaximuni  and  minimum 
input  loading  by  displaying  t)ic  largest  and  smallest  numbers  of  gates 
in  a  network  s yntliesizing  a  d-variable  function  which  arc  driven  by  any 
one  network  input  signal.  F'igure  6  shows  a  distribution  for  the  number 
of  input  variables  (from  tlie  eiglu  possible)*  used  in  the  4-variable 
function  syntiicses  and  Figure  7  presents  tlic  equivalence  class  distri¬ 
bution  versus  the  number  of  inputs  to  all  gates  in  the  4 -variable  not - 
v/orks  that  arc  driven  from  tl>e  network  inputs.  One  useful  interpreta¬ 
tion  of  tliese  data  is  as  follows.  The  mean  from  Figure  6  indicates 
that  on  the  average,  6.97  of  the  ciglit  possible  inputs  are  used  to 
syntliesize  4-variablc  functions  and  their  complements.  Then  dividing 
the  number  of  used  internal  gate  inputs  by  tliis  average  permits  inter¬ 
pretation  of  F’igure  7  (lower  abscissa  scale)  as  a  distribution  of  the 
equivalence  classes  versus  the  number  of  internal  gates  driven  by  each 
exterior  input.  In  this  case,  the  mean  value  in  Figure  7  indicates  that 
for  the  "average  network"  each  of  its  6.97  inputs  is  used  to  drive 
11,6/6.97  =  1.66  gates  inside  the  network.  On  tlie  other  hand  as 

indicated  in  Figure  5,  tlierc  are  eight  function  classes  in  which  at 
least  one  input  signal  must  drive  four  gate  inputs  (from  the  "maxin^um 
curve"),  and  there  are  108  function  classes  in  which  one  cjf  the  input 
signals  isn't  used  at  all  (see  "minimum  curve"). 

F’igure  8  sheuvs  the  statistics  related  to  the  utilization  of  wired 
logic  within  the  four  variable  function  networks.  The  "maximuni 
curve"  displays  tlic  number  of  equivalence  classes  versus  tlie  largest 
possible  wired  lo"'"  fan-in,  and  the  "minimum  curve"  presents  the 
minimum  number  of  gate  outputs  wired  together.  For  example,  tlicre 
are  52  of  the  222  classes  in  wliich  two  gate  outputs  must  be  wired 
togetlier  to  permit  tlie  two  stage  realization  of  both  the  functions  and 
their  complements. 

5.  0  SYNTHESIS  OF  AN  ARBITRARY  4- VARIABLE 
LOGIC  FUNCTION  USING  THE  CATALOG 

The  catalog,  which  now  exists,  is  used  primarily  to  find  the 
minimum  delay/hardware  ECI,.  OR/NOR  synthesis  of  any  given 
4-variable  function.  Before  the  catalog  can  be  used,  the  equivalence 
class''”''  of  the  given  function  first  niust  be  identified  through  classifi¬ 
cation.  During  the  search  for  the  function's  equivalence  class,  one 
also  generates  all  necessary  pernnitatioirs  and  cojiiplcmcntatious  uf  llie 
input  variables  and/or  the  output.  'W'hen  th.ese  permutatiotis  and/or 
complementations  arc  applied  to  the  inputs  and/or  the  outputs  of  the 


Jhese  arex^,  x^,  X3,  x^,  x^. 

F'unction  classification  is  discussed  by  Harrison'*  who  catalogs  func¬ 
tion  syntheses  for  relay  circuit  mechanization  and  for  DT’L  gate 
mechanizations.  Unfortunately,  liis  classification  system,  in  on  > 
opinion,  is  unduly  complicated  and  much  less  easy  to  describ;;  tl..;in 
one  given  earlier  by  Golonib'’.  The  classification  procedino  outlined 
in  this  paper  is  based  on  Golomb's  work.  The  classification  nuivi- 
bers  given  in  the  catalog,  liowevei-,  conform  v.'ith  Harrison's  c  y  stem. 
Tlie  conversion  after  completion  of  clas.sification  is  accoiuj.  )  i  Hiotl 
easily,  as  will  be  sliown  shortly. 
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catioiiical  gaU-  network  (sIk  wii  on  the  catalog  page  listing  tlic  equivalence 
class),  tlicn  that  network  realizes  tiie  iiiiniinuni  delay /hardware  synthe¬ 
sis  of  tliat  function  and  its  eoni]>leincnt. 

Given  an  arbitrary  4-variable  logic  function,  a  procedure  for 
finding  its  minimal  syntiie^is  via  catalog  look-up  is  as  follows. 

1.  Compute  tlie  Walsli  'Iransform  of  the  (t  rutii-table -like) 
function  corresponding  to  the  given  function. 

2.  Manipulate  the  Walsli  I'ransform  (an  array  of  l6  coefficients) 
to  maximize  ita  lexicographic  order.  I'he  tliroe  kinds  of 
rearrangements  used  correspond  exactly  to  porniuling  injiut 
variables,  comjjlcmcnting  input  variables,  and  complement¬ 
ing  the  output  function. 

3.  Convert  iltis  sequence  of  coefficients  to  an  equivalent 
Harrison  sequence  that  will  be  a  class  identifier  for  one  of 
the  tabulated  (lataloged)  functions. 

4.  Construct  the  minimal  function  by  connecting  llic  catalog 
listed  network  but  with  vari.ables  permuted,  and/or  com¬ 
plemented,  and/or  witli  the  output  complcn^ented  precisely 
as  W'as  necessary  tea  convert  the  Walsh  Transform  Array 
(in  Step  2) 

The.se  ste]).s  are  accomplished  at  lluglies  by  a  simple  computer 
program.  For  purposes  of  illustration,  they  are  carried  out  in  detail 
for  tlic  function  depicted  on  the  Karnaugh  Map  in  Figure  9a. 

Step  1 

The  function  showm  is  converted  to  an  equivalent  truth-table  like 
function  shown  in  Figure  10  as  follow's.  The  interval  from  0  to  J  is 
subdivided  forming  16  sub-intervals.  The  first  corresponds  to  the 
input  state  0000,  the  second  to  0001,  etc.,  with  the  interval  numbc'r  in 
general  following  a  stand.ard  binary  sequence  on  the  variable.s  x^x^x^Xy. 
The  value  of  tlie  converted  function,  g  on  each  sub-interval  is  given 
by  l-2g  (i.  e.  ,  if  g  =  0,  g  =  1  and  if  g  =  1 ,  g  =  -]). 


The  Walsh  Transform  of  (lie  given  function  then  is  easily  v  oniputed 
in  terms  of  the  converted  function  TJiis  transform  is  a  coefficient 
array  (exactly  analogous  to  f'encier  Series)  listed  as 

^c'  ^3’  ^2'  ^T  ^0'  ^32'  '-^31'  ^30’  ^21’  ^20’  ^  I  O’  ^321’  ^320'  ^310'  ^210’  ^3210' 


Each  coefficient  is  the  weighting  term  th.ai  could  be  multiplied  by  the 
I'Orj  esponding  Walsh  function  shown  in  Figure  11  to  repre.sent  the 
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original  function.  Eacli  cocfficisnl  g.  .  is  computed  (again  like 

S  ^2  he 

■Vouricr  coefficients)  by  an  inner  product; 


1 

16  /  §(x)  W.  .  .  .  (x)dx  . 

0  1  ^2  V 


For  example  for  the  function  of  interest  here, 

1 

^321  ~  I  Wj2i(x)dx  =  -6, 

wlierc  is  shown  in  Figure  11  and  g(x)  is  as  given  in  Figure  10. 

Actually  tlie  coefficient  calculation  involves  a  simple  set,  of  pairwise 
±1  multiplications  and  a  summation.  The  16  Walsli  coefficients  for  the 
given  function  g(x)  arc 


-2,  6,  -2,  -6,  -2,  -2,  -6.  -2,  2.  6,  2,  -6,  -2,  -6.  2,  2. 


Step  2 


Maximize  the  Lexicographic  Order  of  the  Walsh  Transform  array 
as  follcm'S.  Livert  the  signs  of  all  array  coefficients.  This  inversion 
corresponds  to  complementation  of  the  original  function.  The  comple¬ 
mented  function  is  dcpictca  on  the  Karnaugh  Map  of  Figure  9b  and  its 
Walsli  coefficients  are 


2,  -6,  2,  6,  2,  2,  6,  2,  -2,  -6,  -2,  6,  2,  6,  -2.  -2  . 

Cliango  the  sign  of  every  Walsh  coefficient  wliose  subscript 
contains  a  "3"  (e.  g.  ,  g32I  changes  sign  but  g^]  does  not).  This  change 
corresponds  to  complementing  the  ir.nni  variable  x^.  A  Karnaugli  Map 
displaying  the  function  after  both  the  change  of  step  2a  and  this  step, 

2b,  is  shown  in  Figure  9c.  The  corresponding  Walsh  coefficient  array 
is  noev  given  by 


2,  6,  2,  6,  2.  -2,  -6,  -2,  -2,  -6,  -2,  -6,  -2,  -6,  -2,  2. 


The  final  step  in  maximizing  the  Lexicographic  order  of  the 
Walsli  coefficient  array  invc)lvcs  interchanging  variables.  Here  only 
an  interchange  of  the  variables  xj  and  X2  serves  this  purpose.  When 
interchanged,  the  corresponding  coefficients  are  interchanged  in  the 
Walsli  array  as  follows.  Eacli  coefficient  including  a  "1"  is  exchanged 
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willi  its  t;ountcr]>art  which  includes  a  "2"  in  its  subscript  (c.  g.  , 
and  g  52  interchanged;  note  that  g32i  is  changed).  The  new 
Walsh  array  is  now  given  by 


2,  6,  6,  2,  2,  -6,  -2,  -2.  -2,  -2,  -6,  -6,  -6,  -2,  -2,2. 


and  the  corresponding  function  "1"  is  shown  in  Figure  9d. 

Fach  of  tlie  above  operations  has  increased  the  Fcxicograpliic 
size  of  the  Walsh  Array;  no  furtlier  operations  of  tlie  above  type  will 
permit  further  increase.  Hence,  the  function  f,  having  the  last  set  of 
Walsh  coefficients  is  the  cataloged  canonical  function  for  the  equiva¬ 
lence  class  to  which  g  belongs. 

Step  3 


Although  a  Walsh  coefficient  array  would  most  adequately  repre¬ 
sent  each  class,  our  catalog  uses  Harrison's  identifier  sequences  to 
permit  easy  correlation  wuth  his  previously  published  results.  Conver¬ 
sion  of  a  Walsh  sequence  to  its  equivalent  llarrison  sequence  is  accom¬ 
plished  by  the  simple  formula; 


H  ...  =  (l/2)(2'^  -  W.  ,,  ). 

"2  \  h  ‘2  'k 


For  c.xample,  H3  =  (1/2)(16-W3)  =  5.  Using  this  formula  for  all 

coefficients  results  in 


7,  5,  5,  7,  7,  11,  9,  9,  9,  9,  1  I,  1  1,  11,  9,  9,  7 


as  the  Harrison  class  identifier  of  g  (and  also  of  f). 

Step  4  (C  'talog  look-up  and  synthesis) 

The  above  class  identifier  is  located  at  the  top  of  page  152  of  the 
catalog  (reproduced  here  as  Figure  3).  The  minimal  delay/hardwaro 
network  show'n  for  the  (canonical)  function  f  is  also  minimal  for  the 
function  g;  the  input/output  connections  only  are  different,  correspond- 
itig  to  the  changes  made  in  Step  2.  To  use  the  circuit,  one  performs 
the  three  operations  used  to  convert  the  Walsh  array  but  in  reverse 
order.  Specifically,  first  permute  input  variables  Xj  and  X2,  then 
complement  input  variable  X3,  and  then  use  the  complement  output. 
This  sequence  of  operations  is  indicated  schematically  across  the 
bottom  of  Figure  9  (right  to  left). 
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ADVANCES  IN  HIGH  SPEED  A-TOD  CONVERSION 


D.  Benima 

RCA  Advanced  Technology  Laboratories,  Camden,  N.  J. 


ABSTRACT 

Some  limitations  of  the  conventional  approach  to  high  speed  analog-to- 
digital  conversion  are  reviewed  and  two  recent  innovations  in  converter  design 
are  presented:  tne  VAROM  ("voltage  addressable  read-only  memory")  concept 
and  the  "sampling  on-the-fly"  concept.  These  novel  design  approaches  lead  to 
systems  which  are  faster  and  more  amenable  to  microelectronic  implemeniation, 

A  r»»T'TTT>i:’ 

AX  x:<j.vx  OAV4:f 

Analog  to  digital  converters  measure  the  instantaneous  amplitude  of  an 
analog  input  signal  and  present  the  measurement  result  in  digital  form.  Mea¬ 
surement,  in  this  context,  consists  of  determining  in  which  one  of  2^  subranges 
the  signal  amplitude  fits,  where  n  is  the  number  of  bits  of  the  digital  result, 

Witli  increasing  signal  frequenej'  the  time  which  the  signal  amplitude  spends 
in  any  one  subrange  becomes  shorter.  In  an  n-bit  converter  a  full  range  signal 
of  maximum  frequency,  f,  can  traverse  a  subrange  in  the  "minimum  subrange 
transit  time"  r  ~  1/ (2*^  TTf).  r  is  a  measure  fer  the  precision  with  which  the  time 
of  measurement  must  be  known.  This  time  is  established  by  the  sampling  pro¬ 
cedure  in  which  the  continuous  change  of  the  input  signal  is  periodically  inter¬ 
rupted.  The  timing  tolerance  of  this  interruption  is  called  "aperture"  and  it 
must  be  smaller  tlian  r,  the  minimum  subrange  transit  time.  Figure  1  shows  the 
reiationship  between  n,  f  and  t.  For  processing  a  100-MHz  signal  with  a 
G-bit  resolution  (appr,  ±  1%)  T  is  50  ps  and  the  aperture  must  thus  becmaller  than 
50  ps. 


SAMPLING 


In  conventlocnl  high  speed  converters  a  narrow  aperture  is  obtained  with  a 
font  opening  switch  or  ^'sampling  gate*',  in  a  track  and  hold  configuration, 

(Figure  2).  Such  sampling  arrangements  are  in  principle  capable  of  achieving 
very  narrow  apertures,  partly  because  of  the  speed  of  the  sampling  gates  used 
and  partly  because  of  the  switch  paradox,  explained  in  Figure  3,  In  practice, 
however,  track  and  hold  sampling  systems  are  found  to  be  subject  to  many  fre¬ 
quency  and  repetition  rate  dependent  errors,  which  become  prohibitive  above 
100  MS/s  (100  megasamples  per  second). 

In  the  novel  approach  of  sampling  on-the-fly  some  of  the  errors  inherent  in 
track  and  hold  sampling  are  avoided.  Sampling  takes  place  in  the  digital  domain 
after  the  analog  signal  has  already  been  broken  up  into  subrange  signals.  The 
analog  signal  remains  continuous  and  is  never  interraptod.  Consequently,  no 
sampling  transient  is  introduced  in  it  as  is  the  case  in  track  and  hold.  The 
mechanization  of  sampling  on-the-fly  will  be  discussed  in  conjunction  with  the 
description  of  the  VAROM  converter  approach. 

CONVERTER  ORGANIZATION 

In  conventional  high  speed  converter  systems  the  conversion  invariably  is 
carried  out  in  a  number  of  steps.  Each  step  consists  of  comparison,  reconversion 
of  the  digital  result  to  analog,  and  subtraction  of  this  latest  analog  value  from  the 
previous  one.  This  is  a  cumbersome  proetxiure,  but  it  is  attractive  for  two 
reasons:  much  less  comparator  hardware  is  required  than  for  a  one-step 
conversion  and  the  second  step  of  the  conversion  can  be  performed  while  the 
first  step  of  the  next  conversion  takes  place,  thus  permitting  a  certain  measure 
of  speed-up  by  paralleling  operations.  With  the  advent  of  microelectronics  the 
hardware  savings  afforded  by  conversion  in  steps  has  become  less  important 
and  the  time  for  a  new  generation  of  one-step  high  speed  converters  has  arrived, 

VAROM 

While  in  conventional  systems  the  digital  output  is  generated  as  the  conver¬ 
sion  progresses,  in  the  VAROM  system  all  2°  possible  digital  output  words  are 
already  present  and  stored  in  a  read-only  memory.  The  voltage  to  be  digitized 
is  used  to  select  the  address  in  the  memory  that  contains  the  correct  output 
word.  The  basic  VAROM  structure  is  shown  in  Figure  4.  A  linear  array  of  2° 
comparators,  each  with  a  different  threshold  which  corresponds  to  one  of  the 
2D  subranges,  is  followed  by  only  one  layer  of  logic,  which  feeds  directly  into 
the  read-only  memory.  At  any  one  time  only  one  of  the  logic  outputs  is  high, 
selecting  the  proper  word  in  the  memory.  The  comparators  consist  of  a 
differential  ii^ut  amplifier  followed  by  a  strobed  latch.  The  latch  strobe  acts 
as  a  sampling  gate  and  its  precise  timing  constitutes  the  major  engineering 
task  facing  the  VAROM  designer.  I'he  simplicity  an  ’  the  potential  for  high 
speed  of  the  VAROM  system  is  obvious.  Systems  based  on  this  principle 


are  expected  to  allow  sampling  rates  of  400  MS/s  with  resolutions  unattainable 
with  less  straightforward  approaches. 

The  simplicity  and  repetitiveness  of  the  VAROM  structure  invites  a  micro¬ 
electronic  implementation.  To  make  such  &n  implementation  successful,  a 
method  had  to  be  found  for  modularizing  the  read-only  memory.  Such  a  memory, 
if  realized  in  a  routine  manner,  would  require  2“  access  wires  from  widely 
separated  points  in  the  converter.  The  c^>acitauce  of  these  interconnections 
would  be  inconsistent  with  the  high  speeds  of  operation  sought.  An  elegant  solu¬ 
tion  to  this  problem  is  shown  in  Figure  5,  The  read-only  memory  is  modularized 
in  blocks  of  eight  words.  One  type  of  module  suffices.  From  tea  eight  words  all 
2*^  different  words  can  be  easily  derived  by  a  simple  discretionary  wiring  method. 
For  columns  which  are  to  contain  zero's  the  module  sense  wires  are  left  discon¬ 
nected  from  the  common  sense  buses.  In  a  SO  MS/s,  7-bit  converter,  which  was 
an  early  test  vehicle  built  at  the  Advanced  Technology  Laboratories,  the  read¬ 
only  memory  module  consists  of  fast,  ultra-low  capacitance  sUicon-on-sapphlrc 
diodes  on  a  55x55  mil  substrate.  This  substrate  is  mounted  in  1  inch  square 
hybrid  packages  together  with  the  IC 's  for  eight  comparator  and  associated  logic 
gates. 
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Fi^ui'c  1,  Relationship  betwoon  the  maximum  frequency,  f, 
v/itli  lli<-;  nu'iiniUT.7  eubieuyc  iransit  time,  t,  as  parameter, 
he  less  than  7. 


and  the  resolution,  n. 
The  aperture  tiaie  must 


',50 


Figure  2,  Conventional  track  &  hold  sampling.  At  high  sampling  rates  errors  tend 
to  become  prolubitive. 
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TIME  -782  PS  TIME-^(PS) 


Figure  3.  The  switch  paradi^x.  Any  switch  which  chai-gcs  its  resistance  from  low' 
(closed)  to  Mgh  (open)  in  a  finite  time  can  be  inteipreted  as  an  ideal  switch  which 
opens  instantaneously.  Sliown  arc  two  ramp  input  voltages ,  A  and  B,  charging  a 
50  pF  bolding  capacitor  through  a  sw^'cch  with  a  time-deix-ndcnt.  resistance 
r-20exp(t/2.  ir“^®)  for  t^O  and  x'=20  Ohm  for  t<0.  The  computed  output  voltages 
can  be  inteipreted  as  the  result  of  an  ideal  switch  witii  zox-o  resistance,  opening 
inctautateously  at  t=-782  ps,  well  before  the  actual  t  witch  otai’ts  to  open  at  t==0. 


READ  ONLY 
MEMORY 


Figure  4.  Section  of  VAROM,  shown  for  a  signal  amplitude  between  reference  n  and 
n+1.  The  word  selected  from  the  read-only  memory  contains  the  output  code  corre¬ 
sponding  to  this  amplitude . 
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Figure  5.  The  read-only  memory  can  be  modularized  by  using  the  same  basic  array, 
shov/n  above  at  left,  for  every  block  of  8  eomparators.  To  obtain  the  coding  shown 
above  at  right,  the  module  sense  lines  which  correspond  to  the  "zero"  columns  arc 
left  disconnected  from  the  common  sense  line  buses. 
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ADAPTIVE  MOS/LSI  MODEMS 
EARL  D.  GIBSON 

North  American  Rockwell,  Inc. 
Research  &  Technology  Division 
3370  Miraloma  Avenue 
Anaheim,  California  92803 
Telephone:  (714)  632-4090 


ABSTRACT 

Six  MOS/LSI  chips  almost  entirely  contain  an  adaptive  half-duplex 
4800/2400  bps  modem  plus  a  110  bps  modem.  The  two  modems  operate  con¬ 
currently  in  opposite  directions  over  a  single  dial-up  channel.  A  non- 
MOS  version  has  performed  well  over  actual  dial-up  channels,  and 
testing  of  the  MOS  version  has  started. 

A  higher-performance,  full-duplex  modem  capable  of  operating  over 
various  types  of  channels  at  several  bit  rates  up  to  nearly  six  t'mes 
the  channel  bandwidth  has  been  breadl  oarded  and  tested.  Tentative  plans 
are  to  implement  this  modem  almost  entirely  on  7  or  8  MOS/LSI  chips. 

The  features  Include:  (1)  automatic,  adaptive  equalization,  carrier 
recovery,  timing  and  AGC  that  Jointly  and  rapidly  converge  under  extremely 
wide  ranges  of  conditions  and  near-optimally  combat  the  combined  effects 
of  both  distortion  and  noise;  (2)  error  correction  that  requires  no  digit 
redundancy  and  combats  various  disturbances;  (3)  jitter  correction. 

Measured  data  showing  the  outstanding  performance  of  this  modem  is  presented 
herein. 
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Introduction 


The  following  two  high-speed  data  modeas  for  voice-band  channels 
(plus  variations  on  these  modeois)  have  been  developed  at  North 
American  Rockwell,  Inc.: 

Modem  1,  a  A800/2400  bps,  5  MOS/LSI  Chip  Modem  for  Dial-up  Channels. 

The  present  model  Is  half-duplex  and  the  5  MOS/LSI  chips  contain 
essentially  all  of  the  modem  hardware  except  Interface  circuits  and 
power  supply.  This  noden  Is  completely  automatic  and  thoroughly  adaptive. 
One  additional  MOS  chip  contains  a  110  bps  modem.  The  4B00  bps  and 
110  bps  modems  operate  simultaneously  in  opposite  directions  on  the 
same  2-^'lre  dial-up  circuit.  This  MOS  modem  has  been  undergoing  success¬ 
ful  field  testing  since  December,  1971.  In  addition,  a  non-MOS  version 
of  this  modem  has  been  extensively  tested,  including  quite  successful 
tests  over  various  dial-up  channels  over  widely  separated  geographical 
regions.  Full-duplex  demonstration  models  of  this  4800/2400  bps  modem 
are  presently  being  constructed.  The  MOS/LSI  Implementation  offers  a 
several-fold  reduction  In  Initial  cost  plus  major  reductions  In  main¬ 
tenance,  logistics,  size,  weight  and  power  consumption. 

Modem  2.  A  Higher-Performance  Modem.  Although  Modem  1  provides 
relatively  high  performance.  Modem  2  provides  far  higher  performance 
by  Incorporating  newer  techniques.*  Modem  2  has  been  breadboarded  and 
thoroughly  tested.  Now,  we  are  efficiently  digitizing  the  hardware  in 
preparation  for  Implementing  this  modem  in  MOS/LSI.  Thorough  computer 
emulation  In  machine  language  Is  contributing  heavily  toward  efficiency 
of  digitization.  Ue  tentatively  plan  to  Implement  this  modem  almost 
entirely  on  7  or  8  MOS/LSI  chips. 

The  present  experimental  mode]  operates  at  9600  or  4800  bps  over 
leased  telephone  channels.  Computer  simulation  indicates  that  data  rates 
up  to  19,200  bps  on  high  quality  voice-band  channels  and  up  to  9600  bps 
on  dial-up  channels  can  be  provided  while  keeping  the  error  rate 
sufficiently  low  for  some  applications.  At  bit  rates  up  to  9600  bps  on 
leased  channels  and  up  to  4800  bps  on  dial-up  channels,  the  bit  error 
rate  can  be  kept  quite  low,  as  the  measured  curves  presented  below  Indicate. 

A  major  advantage  of  the  digital  Implementation  Is  that,  without 
substantially  Increasing  the  cost  of  the  hardware,  we  can  provide  high 
flexibility  Including  several  data  rates,  ver  atlle  signal  shaping  to 
optimally  shape  the  signal  spectrum  for  different  channel  types,  and  pro¬ 
vision  for  the  Insertion  of  various  optional  features.  Most  of  this  modem 
will  also  be  used  in  19.2  kllobit-per-second  date  transmission  over  VHF/UHF 
links. 

This  modem  Is  not  merely  automatically  equalized.  It  Is  completely 
automatic  and  thoroughly  adapts  to  various  combinations  of  channel  charac¬ 
teristics  and  disturbances,  including  the  Intersymbol  Interfeience  caused 
by  severe  amplitude  distortion  and  delay  distortion,  Gaussian  noise, 


*Some  of  these  "newer" techniques  have  been  under  development  and  refine¬ 
ment  for  about  five  years. 
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carrier  phase  offset,  and  jitter  of  the  carrier  phase  and  timing.  No 
data  stream  Interruptlonn  are  required  for  learning  purposes  and  com¬ 
pletely  hands-off  operation  is  provided. 

The  remainder  of  this  paper  will  emphasize  Modem  2,  because  this 
modem  will  offer  both  outstanding  performance  and  the  major  coat  advan¬ 
tages  of  MOS/LSI.  In  any  given  type  of  circuitry.  Modem  1  and  Modem  2 
require  about  the  same  quantity  of  hardware. 

Implementation,  Summary 

The  modem  employs  a  special  combination  of  partial  response  signal 
shaping  and  simple  coding  to  simultaneously  achieve  several  important 
advantages.  The  coding  makes  it  feaislble  to  use  signals  that  overlap 
heavily  in  time  (controlled  intersymhol  Interference),  thereby  achieving 
high  data  rates  for  a  given  bandwidth  with  relatively  few  signal  levels. 

The  relatively  small  number  of  signal  levels  for  a  given  data  rate  makes 
the  system  far  more  I'jipuae  than  conventional  signaling  schemes  to  Gaussian 
noise,  impulse  noise,  phase  jitter,  and  various  other  transmission  dis¬ 
turbances  than  conventional  signaling  schemes ,  The  coding  requires  no 
digit  redundancy  and  no  special  synchronization.  The  detailed  signal 
shaping  in  both  transmitter  and  receiver  has  been  carefully  designed  to 
jointly  optimize  the  overall  modem  performance  while  minimizing  the  overall 
cost  of  implementation. 

To  a  close  approximation,  the  eff-iCtlve  amplitude-frequency  charac¬ 
teristic  of  the  overall  transmitter  (when  all  effects  are  translated  to 
baseband)  is  A(<o)  “Vain  Tw  ♦  c(w)  for  |w|  ^  and  A(w)  •  0  for  |b)|  >  r  , 

T  T 

where  T  la  the  time  per  symbol  and  c(w)  la  the  amplitude-frequency  charac¬ 
teristic  of  a  nominal  channel.  Excluding  the  equalizer,  it  has  been  found 
that  pertinent  optimization  conatralnts  require  both  the  receiver  and 
transmitter  signal  shaping  characteristics  to  be  the  same.  Tlius,  Ideally, 
the  overall  system  amplitude-frequency  characteristic  is  sin  Tu  for 
|u)|  <  ^  •  With  sampling  at  the  baud  rate,  the  sequence  of  normalized 
T 

amplitudes  of  samples  of  the  ideal  impulse  response  of  the  overall  system 
is  ...  0,  0,  0,  0,  1,  0,  -1,  0,  0,  0,  0  ...  . 

Efficient  utilization  of  bandwidth  is  obtained  by  achieving  essen¬ 
tially  pure  single-sideband  modulation.  The  separation  of  sidebands  is 
facilitated  by  the  method  of  signal  shaping,  which  requires  no  d-c  com¬ 
ponent  in  the  baseband. 

Figure  1  presents  the  transmitter.  Tne  present  implementation  is 
partly  analog,  but  all  of  the  circuitry  to  the  left  of  the  dashed  line, 
except  the  timing  oscillator,  is  presently  being  implemented  digitally. 

A  relatively  versatile  fast-processor  'ype  of  implementation  is  being  used 
for  experimental  refinements  in  real  time.  We  plan  to  subsequently 
Implement  the  entire  transmitter,  with  the  exception  of  timing  circuitry 
and  the  circuitry  to  the  right  of  the  dashed  line,  on  a  single  MOS  chip. 
Another  MOS  chip  will  contain  the  timing  circuitry  for  both  the  transmitter 
and  the  receiver. 
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MODEM  TRANSMIT  SECTION 


Figure  1,  Transmit  Section,  Modem 


Tl>e  data  enters  level  converters  (not  shown)  and  passes  through 
a  randomizer  consisting  of  a  17-8tage  linear  sequence  generator  assuring 
essentially  zero  auto-corrclatlon  in  the  data  stream.  This  randomization 
aids  the  adaptive  receiver.  The  coder  allows  the  received  data  to  be 
detected  without  reference  to  previous  data,  thereby  preventing  error 
propagation  effects  that  would  otherwise  he  caused  by  the  controlled  inter- 
symbol  interference  (overlapping  signal  elements)  used. 

.'ictually,  the  coder,  signal  shaper,  modulator  and  sideband  separation 
are  all  combined  and  mainly  consist  of  stored,  sampled,  quantized  wave¬ 
forms,  which  are  read  out  of  a  read-only-memory  (ROM)  at  2  samples  per 
symbol  time  and  are  multiplied  by  Che  data.  At  this  point,  the  data  is 
binary  (+1)  at  4800  bps  and  quaternary  (+1,  +3)  at  9600  bps,  as  examples, 
on  leased  or  dial-up  telephone  channels. 

The  completed  digital  signal  is  converted  to  analog  form  by  the  D/A 
converter.  The  D/A  conveiter  storage  and  switches  arc  included  in  the 
MCS  chip.  The  output  low-pass  filter,  though  by  necessity  analog,  is 
quite  Inexpensive.  This  filter  separates  the  desired  signal  spectrum 
(nominally  480  Hz  to  2880  Hz)  from  aliasing  spectra  that  result  from  the 
sampling. 

The  receive  section  of  the  modem  is  shown  in  Figure  2.  Except  for 
the  simple  input  filter,  AGC,  and  the  thick  film  ladder  network  for  the 
A/D  converter,  the  receiver  will  consist  of  five  (5)  M05  chips.  The  input 
filter  is  Identical  with  the  transmit  output  filter.  The  ACC  consists  of 
a  voltage  variable  resistor,  an  integrated  operational  amplifier,  and 
other  discrete  components.  After  A/D  conversion,  the  sampled  signal  is 
traiiolateU  to  baseband  by  multiplication  with  samples  of  a  sinusoidal 
carrier.  The  baseband  spectrum  is  separated  from  the  upper  sideband  by 
the  digital  sideband  filter.  The  baseband  signal  is  then  equalized  by  a 
transversal  equalizer  (1,2, 3, 4)  in  which  the  tap  gains  are  automatically 
adjusted  to  minimize  the  combined  effects  of  Intersymbol  interference  and 
noise.  btCSuae  of  the  controlled  Intersymbol  Interference  mentioned 
earlier,  the  receivei  makes  7-levcl  decisions  when  4-level  data  was  trans¬ 
mitted,  for  example.  The  sllcer  makes  threshold  decisions  and  the  decoder 
converts  these  decisions  into  data  in  the  code  that  crlglnally  appeared  at 
the  transmitter  input.  The  data  is  Uerandomlzed  in  the  self-synchronizing 
derandomizer  and  converted  to  the  appropriate  output  level. 

The  phase-locked  loop  (FLL)  locks  to  the  carrier.  Tlie  carrier  is 
phase  shifted  to  correct  for  phase  offset  of  the  carrier  relative  to  the 
ideal  carrier  phase,  which  offset  is  caused  by  delay  distortion  on  tl»e 
channel.  The  phase  offset  corrector  and  timing  er.-or  are  precisely  con¬ 
trolled  by  logic  operating  from  tap-gain  Information  from  the  equalizer. 

On  initialization  of  operation,  before  the  equalizer  tap  gains  have 
converged,  coarse  phase  offset  and  timing  error  information  la  aerlved 
from  a  preamble  transmitted  for  that  purpose.  Then,  equalization  is 
obtained  using  a  signal  equivalent  to  the  regular  pseudo-random  data  signal 
in  the  2-level  partial  response  signaling  mode.  Ove rail  receiver  learning 
is  achieved  in  a  fixed  time  interval,  which  is  now  being  reduced  to  approxi¬ 
mately  200  milliseconds.  Then,  the  modem  automatically  swltchen  to  the 
regular  deta  transmission  mode. 
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mOEM  RECEIVE  SECTION 
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Figure  2,  Receive  Section,  :(ode» 


Automatic.  Adaptive  Equalization,  Carrier  Recovery  and  Timing  Recovery 

y  I  2  3  A ) 

The  equalizer  is  an  automated,  digitized  transversal  equalizer'  >  •  •  ' 
The  automatic  equalizer  adjustments  are,  in  effect,  controlled  by  cross¬ 
correlation  functions  to  achieve  the  following  objectives: 

a.  Convergence  of  the  automatic  adjustment  process  under  extremely 
wide  ranges  of  conditions. 

b.  Near  optimum  minimization  of  the  combined  intersyinbol  interfer¬ 
ence  and  noise. 

The  following  is  believed  to  be  the  first  practical  automatic  equalizer 
adjustmen'  algorithm  to  accomplish  these  two  objectives. 

In  z-transform  notation,  with  sampling  at  the  symbol  rate, 

l(z)  ■  g(z)  h(z),  z  -  e®^  {1) 

where  h(z}  and  i(z)  represent  the  sampled,  impulse  response  of  the  trans¬ 
mission  system  as  seen  at  the  equalizer  Input  and  output,  respectively, 
and  g(z)  Is  the  sampled  transfer  function  of  the  equalizer.  The  equalizer 
adjustment  criterion  is  as  follows: 

Once  each  baud  time,  increment  each  tap-gain,  gj^,  in  the  direction  that 
drives  the  cross-correlation  function 


CD 


®j''j-k 


(2) 


toward  zero,  where  hj.j^  is  the  (j-k)*’  sample  of  the  transmission 
system's  impulse  response  as  seen  at  the  input  of  the  transversal  equalizer, 
and  e.  is  the  error  in  the  J^^  sample  Ij  of  the  system  impulse  response  as 
seen  at  the  output  of  the  equalizer;  l.e.,  c.  Is  the  J^h  undeslred  Inter- 
symbol  Interference  term.  ^ 


By  straightforward  implementation,  each  cross-correlation  Eq.  (2) 
would  require  an  infinite  number  of  multiplications  and  30  such  cross- 
correlations  would  be  required  for  a  30-tap  equalizer,  for  example, 
ilowevei:,  out:  iterative,  rime-shared  implementation  l.<  quite  inexpensive. 

The  overall  combination  of  carrier  recovery,  timing  recovery  and 
equalization  initially  converges  automatically,  even  under  severe  channel 
distortion  (such  as  that  encountered  on  dial-up  channels) ,  compounded  by 
phase  Jitter  and  by  any  Initial  errors  in  timing  and  carrier  phase. 
Furthermore,  the  equalization,  timing  and  carrier  phase  all  rapidly  con¬ 
verge  to  Jointly  optimized  values  and  track  these  values  with  high  precision 
and  stability.  Neither  non-data  signals  nor  data  stream  interruptions  are 
required  in  order  to  achieve  this  continuous,  optimized  adaptation. 
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Optional  Error  Detection  and  Correction  without  Digit  Redundancy 

Error  detection  and  correction  that  requires  no  digit  redundancy 
other  than  that  Inherent  in  the  selected  method  of  signaling  has  been 
implemented  and  tested.  This  error  corrector  is  quite  affective  against 
various  types  of  transmission  disturbances.  Measured  results  are 
presented  below.  In  those  applications  where  any  conventional  method 
of  error  correction  would  require  an  Increase  In  the  number  of  signal 
levels  In  order  to  achieve  a  given  Information  rate,  this  new  method  of 
error  correction  Is  especially  advantageous.  This  method  does  not 
require  any  Increase  In  either  the  number  of  signal  levels  or  the  symbol 
rate. 

Performance  of  Modem  2 


Modem  2  has  been  thoroughly  tested  In  the  laboratory  under  various 
combinations  of  channel  characteristics  and  disturbances,  as  well  as  on 
real  channels.  Figure  3  depicts  representative  results  under  Gaussian 
noise.  This  data  was  taken  on  a  simulated  channel  with  distortion  slightly 
worse  than  a  worst~case  Type  C-2  telephone  channel. 

Note  that  at  9600  bps  (and  on  channels  that  do  not  introduce 
significant  phase  Jitter)  the  bit  error  rate  Is  exceedingly  low  at 
aignal-to-noise  ratios  above  the  specified  minimum  of  2G  db  for  Type  C2 
channels.  Even  without  the  error  corrector,  the  performance  is  outstanding. 

A  relatively  simple  version  of  the  error  corrector  cUminates  95  to  99.52 
ot  errors,  depending  upon  conditions,  without  reducing  the  useful  data 
rate.  A  more  sophisticated  version  can  reduce  the  bit  error  rate  by 
several  orders  of  magnitude  under  some  conditions  wltb.out  reducing  the 
useful  data  tuts. 

Figure  4  ptesents  the  peiformance  at  9600  bps  under  phase  jitter 
of  15*  peak-to-peak  at  60  hertz,  which  Is  approximately  the  worst  phase 
jitter  encountered  on  leased  telephone  channels.  For  reference  purposes, 
two  curves  for  the  case  of  no  phase  jitter  are  repeated  from  Figure  3. 

With  no  corrector,  the  performance  under  this  phase  Jitter  at  the 
specified  minimum  S/N  for  Ty^ e  C2  channels  is  marginal  for  some  applications. 
Our  error  corrector  that  requires  no  digit  redundancy  improves  the  per¬ 
formance  substantially  under  phtse  jitter.  The  combined  error  corrector 
and  jitter  corrector  improves  the  performance  further. 
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Figure  3.  M(xiem  2  Performance  on  Worst-Case  C-2  Channel  (No  Jitter),  9600  bps 


NO  CORRECTOR. 
NO  nTTER 


Fi^re  A.  Performance  on  Worst-Case  C-2  Channel  (Jitter),  9600  bps 
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ABSTRACT 


A  computer  intended  for  use  as  a  spaceborne  real  time  controller  lias 
been  designed  at  the  Johns  Hopkins  University  Applied  Pliysics  I.aboratory 
and  will  be  utilized  in  a  Navy  Navigation  Satellite. 
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Introduction 


The  oomjnitcr  I’cvicwod  in  this  digcat  ia  the  third  gcnei-ation  digital 
sj’stem  for  the  Navy  Navigation  Satellites.  Tlie  first  generation  system 
was  first  lauiielicd  in  196.?  and  consisted  of  coi'c  diode  circuitry  used 
to  pcrfoi’iii  logic  an  1  drive  a  mil  core  memory  array.  Tlie  second  gi  n- 
oi'ation  system  was  first  launclied  in  19^6  and  consisted  of  a  special- 
purpose  processor  designed  wi t)i  scries  61  HCTL  and  a  30  mil  core  memory 
array  driven  witli  hyhi-id  circuits. 


rurpose 


Figure  1  shows  the  com]iutei-  i-elatioi;  to  ot-lier  satellite  systems. 

Tlic  PF  data  link  to  the  computer  is  via  the  ton  bit  poj’  .second  and 
tiiousand  bit  pci-  second  bit  detectors.  Kach  bit  detector  input  is  three 
line  serial  tuid  consists  of  mi  interrupt,  line,  deck  line,  and  data  line, 
rroccoding  clockwise  on  Figure  i  ,  tlic  computer  output  to  the  coimnand 
logics  arc  also  tlirec  line  serial.  .Six  lines  from  t)ic  disturbance  com- 
pensaticn  sj^stem,  DISCOS,  give  tlie  computer  t,ho  six  micro-thruster  valve 
on-off  waveforms  for  partial  dat-i  reduction,  formatting  and  storage. 
DISCOS  contains  a  ball  centered  in  spltci'c  servo  system  and  is  designed 
to  compensate  for  air  drag  and  solar  pressure.  The  computer  pi  ovidcs 
timing  and  direct  delayed  on-off  conunands  to  tlie  Dsoudo  Kandom  Noise 
Generator,  PKN.  Q'he  computer  outinits  data  to  the  transmitters  either 
as  60  bits  j'er  second  Navy  navigation  message,  NAVSAT,  or  3?5  bits  per 
second  te.'.emet.ry ,  ']‘M.  The  computci-  interface  with  tin,  I’eal  time  TM 
system  coi.sists  of  a  nine  bit.  TM  commutatoi-  address  oi-  TM  data  bus,  a 
serial  computer  to  TM  data  channel,  and  four  intci-rupts;  status  request, 
dump  i-cqucst,  TM  data  ready,  and  fr.-imc  synchronization .  A  6  megahertz 
stable  oscillatoi'  output  is  used  to  generate  the  computei  clock,  cit.hcr 
direct.ly  oi-  via  an  incrcmontal  phase  shifter,  IPib  The  purpose  of  IPS 
is  to  provide  more  accurate  satellite  timing.  The  ccmjiutcr  iirovldes 
prograjuned  up  or  down  counts  t.o  a  counter  in  ll’P  to  regulate  the  phase 
sliil't  i-ato. 


Kiieigy  Coiiser  i/ation 

Most  of  the  compu'er  is  {nilse  powered  and  shuts  down  when  not.  in 
use.  Wild  an  interrupt  is  I’ccogni-zed  the  computer  enters  the  contiimou.s 
computing  mode.  In  t.his  nnde  the  computer  using  core  inemoi-y  for  both 
program  and  'lata  .storage  execuLc.s  ?60,000  instructions  jicr  second  at,  a 
power  level  of  6?  watts.  Gufflcient  energy  is  stored  on  capacitors  foi- 
two  milliseconds  of  continuous  I'jiei-.ation.  Interriiptc;  may  be  internally 
initiated  under  progi'aj'i  control  via  out.jnit  in.st  ruct  ions .  These  internal 
interrui’ts  sci-ve  as  low  overlie  id  cut  i-y  to  background  computation. 

The  com]iut,er  has  four  backgrouiui  comput.iiig  i-atos  which  may  be 
selected  uiidci-  progriuii  conti'o]  by  two  bits  in  a  status  i-egister. 

Using  core  memory  for  both  pi’ogram  and  data  storage  the  power  consumj't. ion 
for  the  four  Inckgro'ind  eomjuiting  i-.ate;'.  ai-o  as  follows: 
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TABLE  ]  .  COMFiLl’IIIG  CAPAEILITT  VERSUS  CONFIGURATION 


Iiiatructlonij/SEC 


I’OWEH 


2,000 

U,C00 

O,000 

16,000 


1  watts 
2.0  Watts 
3.0  Watts 
3.0  watts 


TJic  satellite  power  systeiii  is  capable  of  continuously  poweriiifi  tbc  com¬ 
puter  opcratiiig  in  the  background  mode. 

Tabic  1  suiiunai'izes  tlie  decrease  in  energy  required  to  execute  an 
instruction  that  con  now  be  achieved  with  tv.o  other  possible  configura¬ 
tions.  The  present  configuration  which  utilizes  a  3  wire  30  ?0  mil  core 
memory  and  standard  power  circuits  in  the  processor  requires  from  the 
computei'  power  processor  200  inicrojoules  per  instruction.  Giving  tliis 
a  more  useful  interpretation  for  n  small  satellite,  the  computer  can 
process  at  a  one  watt  average  power  level,  on  average  of  fifty  interrupts 
per  second  with  an  average  of  one  hundred  instructions  per  interrupt. 
Eeplacir.g  tne  orlgiiurl  core  memory  with  a  2-1/2D  l8  mil  low  dr-ive  core 
memory  can  yield  a  four-to-onc  improvement  over  the  original  design. 
Replacing  the  original  core  memory  with  plated  wire  memory  and  repackag¬ 
ing  tlie  proces.sor  iir  ili  zing  all  low  power  TTL  can  yield  a  ten-to-onc 
improvement  over  the  original  design. 


Computer  Organlzalioii 


Flgiire  ?  shows  the-  computer  organ is.ati or, 
other  satellite  systems  through  the  input-output  logic  is  depict(;d  in 
the  upper  left  with  the  GdT  to  10  interface.  Below  the  10  im erfuce  is 
shown  the  Hoad  Only  Memory  which  contains  the  bootstrap  loader  program, 
the  Read  Write  Memory  used  for  data  storage  and  other  programs,  and  the 
priority  interrupt  logic.  The  sixteen-bit  parallel  two-function  opera¬ 
tor  logic,  OPR,  is  show  in  the  upper  right  corner.  Tlie  output  of  the 
operator,  the  Z  Bus,  inputs  to  the  aj’ithmctic  registers.  First  is  shown 
the  sl  'tus  register,  U,  which  contains  the  carry,  overflow,  and  input- 
output  flags,  the  power  mode  control  bits,  and  eiglit  interrupt  masks. 

Next  is  the  accumulator.  A,  and  the  index  register,  X.  The  real  time 
clock  register,  T,  consists  of  a  sixteen-bit  binary-  counter  and  a  sixteen- 
bit  synchronizing  latch.  Negative  ovoz-flov;  of  the  cour.tcr  causes  the  real 
time  clock  interrupt.  Operations  that  are  performed  wit))  tlic  A  register 
can  also  be  performed  with  tlie  T  register.  The  pi'ograin  addi'css  register, 
P,  the  memory  address  register,  W,  and  tlie  main  exchange  register,  D,  com¬ 
prise  tlie  remainder  of  the  aritiimetic  registers.  The  control  portion  of 
the  computer  shown  in  the  center  of  the  diagram  consists  of  an  associative 
Read  Only  Memory  addressed  by  the  state  register,  K,  iteration  counter, 

N,  instruction  register,  I,  and  the  Z  hue.  The  microinstructions,  MICROS, 
control  the  data  flow'  paths. 


Table  2  lists  the  major  considevalions  used  to  determine  the  machine 
architecture.  Of  these  considerations,  the  attainment  of  item  2  proves 
the  efficiency  of  utilizing  a  general-purpose  computer  over  utilizing  a 
special-purpose  processor  and  memory.  To  satisfy  the  Navigation  Satel¬ 
lite  data  storage  and  formatting  requirements,  NAVSAT,  a  special  pui'i'osc 
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Y  BUS 


FIGURE  2  COMPUTER  ORGANIZATION 


TABLE  2.  OK  DETERMINIMO  MACHINE  jU^CHiraCTURE 


L.  Low  overhead  for  entry  into  and  exit  from  short  data  fOiinating 
tasks. 

2.  High  program  storage  efficiency  comparable  to  data  storage  require¬ 
ments,  NAVSAT  min  =  2^K, 

3.  Fast  reaction  time  to  Interrupts  to  eliminate  extensive  I-O  buffering, 
but  capable  of  extended  background  computing  on  available  power. 

4.  NAVGAT  output  formating  primary  original  tusk  and  used  as  benchmark 
test  for  instruction  repertoire. 

5.  NAVSAT  major  design  goal  dictates  that  the  power  be  kept  off  most 
of  the  computer  when  not  performing  a  task. 
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TABLE  3. 

INS'DRUCTIOIl  SUI'iMARY 

:  PART 

1 

STORAGK  REF;  11  10  9  =  I  X  R 

BRANCH 

IF 

Tran.sft 

BAZ 

A  =  0 

620 

TSA 

00 

(S)  ■‘■A 

IF  Ul6  =  1 

BAl 

A  ?1  0 

600 

TAS 

01 

(A)-<-S 

TSD  (S,S+1)+AX 

BAP 

A  por. 

601 

IAS 

OF 

(A)i{G) 

TDS  (AX)-*-S,S+l 

BAN 

A  neg 

621 

TSX 

10 

(s)-»x 

IDG  (AX)J(G,S+1) 

BAE 

A  even 

602 

TXS 

IT 

(x)-*s 

aAU 

A  odd 

622 

TST 

11 

(S)->T 

BEZ 

AI6  f  A15 

613 

TTS 

12 

(T)+e 

BEl 

A3  6  =  A1.5 

633 

TSU 

16 

(S''-»U 

BXi 

X  pos 

605 

TUS 

07 

(Uj^-S 

BXN 

X  neg 

625 

Arith 

IF  UI6  =  1 

BXZ 

y  =  0 

626 

ASA 

02 

{A)  +  (S)-A  C,  OV 

ASD 

DXl 

X  /  0 

606 

SSA 

03 

(A)-(S)-A,  C,  OV 

SSD 

BXE 

X  even 

607 

MET 

(A)X(s)-»-A.  X 

BXO 

X  odd 

627 

AST 

36 

(T)  +  (S)-2-KL’,  C,  OV 

B02 

Ov,  UI5,  cl 

603 

Logic 

•  BOl 

Ov,  U15,  set 

623 

USA 

13 

(A)  AND  (S)^-A 

PCZ 

Cry,  UlU,  cl 

60I* 

MSA 

lE 

(A)  OR  (G)-»-A 

BCl 

Cry,  UlU,  set 

621* 

EGA 

15 

(A)  EXOR  (S)-*-A 

BFl 

IOF,  UJ3,  set 

630 

Control 

BFZ 

IOF,  U13,  cl 

610 

JMP 

21 

(P)=S 

BJl 

J,  UlO,  set 

631 

SJP 

22 

(P)-^S,  (P)-S4l 

BJZ 

U,  UlO,  cl 

611 

JIN 

23 

(S)tl-4S,  C,  OV;  SKP  (S)?!0 

BQl 

Q,  U9,  set 

632 

IRS 

06 

(S''+l-*-S,  C,  OV;  GKP  (S)=0 

BQZ 

Q,  U9,  cl 

612 

CAG 

05 

SIO'  1  (A)-(S),  SKP 

2  (A)<(S) 

BIZ 

SVl,  cl 

61I* 

CTG 

37 

GKl'  1  (T)-l  =  (S), 

SKP  2  (T)-1<(S) 

Dll 

SWl,  set 

631* 

DOG 

^?C 

(Gj  I.4.N 

B2Z 

SW2,  cl 

615 

IMMEDIATE 

TIA  260 
TIX  261 
AIA  262 
AIT  ?63 

1+A 

I+X 

(a)+:4-a,  c,  OV 
(T)+I-2-Pr,  C,  OV 

B21 

B3Z 

B31 

El*Z 

Bl*l 

SW2,  set 

SW3,  cl 

SVJ3,  set 

SWl*,  cl 

SWl*,  set 

635 

616 

636 

617 

637 

AIX 

2Sk 

(X)+I-4X,  C,  OV;  SKP  X=0 

AfN 

265 

(X)+l-*-X,  C,  OV;  SKF  X=1 

CAl 

266 

SKP  1  (A)  =  -1,  GKP  2  (A)<-1 

GHIFT , 

C,  OV 

CTl 

267 

SKP  1  (T)-l  =  -1, 

SKP  2  (T)-1<-1 

ALIi 

A  left  Rot 

3222 

NIM 

270 

I  AND 

XLR 

X  left  Rot, 

3212 

HIM 

271 

I  OR  (M)-*M 

ARB 

A  right  Rot 

3262 

TTTM 

07  0 

T  wnn  1 M 

YPR 

y  r*i  TVii 

KI.F 

273 

1  AND  (F)-*'- 

A*.'G 

A  left  sliift 

3220 

Mir 

27'* 

J  OR  (F)-*F 

XLS 

X  left  sliift 

3210 

EIF 
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I  EXOR  (F'l+F 

ARS 

A  right  shi ft 

3260 

tt»; 

r6 

1-M 

XRS 

X  right  shift 

3250 

TIF 

277 

1*F 

i\RA 

A  right  arith 

3261 

■:nfut-  output  .  iof 

T 'is  Trah^ifer  Data  Serial 
IJE  Troncfer  Data  lixLcincl 
TEA  Input  Load  A 

Mi'iA  Illpu^,  OF  to  A 

SXZ  Sc-r'^  ,  Gkiji  if  0 

3K1  Sense,  Skip  ii.  not  C 

33 

3't 

161* 

165 

166 

1 67’ 

XIIA 

.LLH 

liiH 

LT,S 

IjRS 

ERA 

DL7 

X  right  arith 
Long  left  Rot 
Long  r  ight  R'Ct 
7,,ong  left  shift 
Long  right  shift- 
Long  right  arith 
Delay 

3251 

3231* 

3271* 

3230 

3270 

5271 

3200 

173 


proces?;or  of  complexity  iiearly  equal  to  a  general  purpose  computer 
processor  would  be  required  and  would  not  provide  for  programmable 
stored  telemetiy  atid  delayed  commands. 


Instructions 


Tabic  3  is  a  partial  summary  cf  the  computer  instruction  set.  Not 
included  are  105  interregister  instructions .  The  memory  reference 
instruction  fomat  contains  three  address  modifier  bits  which  designate 
relative.  Indirect,  and  indexed  addressing.  All  three  address  modifiers 
may  be  utilized  in  a  single  memory  reference  insti'uction .  Tlie  conditional, 
branch  instructions  are  relal  ive  wit  h  a  seven  bit  diSj.dacement  field. 

The  extensive  instruction  repertoire  is  partially  the  result  of 
apriori  component  selection.  Tlie  relative  balance  of  arithmetic,  control, 
input-output  and  memory  hardware  indicated  tnat  rn  extensive  iiistructioii 
set  may  be  incorporated  wiohout  significantly  expanding  computer  hardware. 
Were  it  ever  planned  to  package  the  processor  on  a  few  LSI  chips  con- 
straiiits  on  t.he  LSI  processor  instructions  would  be  necessary. 


Memories 


The  ’I’.c-morie.s  used  with  the  processor  to  complete  the  first  satellite 
computei'  desitji;  consist  of  one  hK  word  x  l6  lit  corvc  u.cmery  for  modifiable 
program  and  cata  storage  and  one  6k  word  x  l6  hit  'iVL  rr.ad-only  memory 
for  the  KF  link  bootstrap  loader  program.  Tiie  core  memory  consists  of  61 
hybrid  circuits  de.sigued  around  an  EMI  3M20  3h,  3  v/ire  20  mil  lithium  wide 
temperature  cort.-  stack,  These  circuits  consist  of  l6  X-Y  axis  comple¬ 
mentary  current  switches,  l6  X-Y  axis  complementary  voltage  switche.s, 
l6  dual  digit  I'sguJated  voltage  switches,  and  l6  sense  amplifier  dual 
comparator  thi'csliold  networks.  The  read-only  memory  utilizes  the  Harris 
field  progr;immable  fnsalie  link  TTb  IC's.  Both  memories  are  designed 
for  complete  power  shutdown  when  not  being  accessed.  Tubl.o  k  lists  tl.e 
memories  considered  for  the  first  flight  comiiuter. 


Clioico  of  Microc  i  rnn' t  :! 


The  choice  of  Tl'L  for  the  computer  was  at  the  t  ime  in'cessitated  by 
the  consideration  of  environmental  degro-datious.  The  proven  lew  i-andom 
failure  pi'Obability  of  TIL  also  weighed  lioavily  in  favor  of  clioosing  IM'L. 
Tf.dilo  5  list-s  the  combinations  of  eoinponent;;  considered  for  the  processor 
logic.  The  fourth  optioti  was  auopreti  as  the  best  compromise  of  low  com- 
pc'.ieat  coutit  and  low  gated  jiowcr  c  or.r.uinjdion.  Table  6  lists  logic  com¬ 
ponents  ruled  out  eai’lv  in  the  oj-jginal  docisit-'ii  mailing  pioccss.  It 
should  be  kept  in  mind  tliat  these  decisions  reflect  the  status  of  micro- 
circuit  logic  eloinents  available  in  mid-1969. 
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TABLE  k .  MEMORY  OPTIONS  FOR  FIRST  CONFlGURyVTlON 
RAMDCM  ACCESS  MEMORIES 

A.  Plated  Wire 

1.  Low  power 

2.  Low  weight  and  volume  in  development 

3.  High  potential  reliability 

B.  Core  (20  mil) 

1.  Low  cost 

2.  Acceptable  power  weight  and  volume 

3.  High  proven  reliability. 


READ-ONLY  MSMORIES 

1.  TTL  custom  film. 

2.  Field  programmable  fusible  link,  diode  arrays. 

3.  Field  programmable  fusible  link  TTL. 
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TABLE  5 .  COMPONENTS  CONSIDERED  FOK  PROCESSOR  LOGIC 


1,  Five  basic  TTI.  IC's  that  were  available  as  high  power  dielectrically 
Isolated  semioosiduotor ,  thin  film  resistor  circuits. 

2.  Five  basic  lower  power  TTL  circuits  that  showed  potential  for 
becoming  available  as  dielectrically  isolated  semiconductor,  thin 
film  resistor  circuits. 

3.  All  available  low  power  TTL  circuits  IncLudlng  the  MSI  Low  power 
4  bit  register  section. 

4,  All  available  low  power  and  standard  power  TTL  circuits  including 
the  standaird  power  MSI  4  bit  address,  L  of  8  and  1  of  l6  decoders,  and 
3  input  multiplexers. 


TABLE  6 .  COMi^ONENTS  RULED  OUT  EABLY 

1.  MOS  low  power  circuitr.,  MOS  MSI  circuits,  and  custom  designed  MOS 
LSI  arrays. 

2.  Custom  designed  low  power  dielectrically  isolated  semi  conductor 
thin  film  resistor  arrays. 

3.  Core  diode  logic 

4.  Nybrid  semiconductor  logic. 
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PackaKitiff 


Figxiras  3  and  li  show  two  views  of  the  prototype  flignt  computer 
logic.  The  right  hand  card  on  the  open  view  Figure  3  contains  the  pro¬ 
cessor  control.  The  connector  in  the  upper  right  corner  is  used 
for  prei.iminary  test  monitor  and  display.  The  next  cord  contains  the 
arithmetic  logic.  The  combined  control  and  arithmetic  logic  fonn  the 
central  processor.  All  of  the  processor  control  card  is  fabricated  with 
medium  power  TTL.  The  entire  processor  control  card  is  pulse  powered 
and  shuts  down  when  not  in  use.  The  r<?gisters  on  the  arithmetic  card  are 
fabricated  with  low  power  TTL  and  may  stay  powered  during  energy  recharge 
periods  when  background  computing  is  in  process,  on  shut  down  with  the 
arithmetic  logic  and  the  control  board  logic  during  energy  recharge 
pei'iods  when  background  computing  is  not  in  process.  The  remaining  two 
cards  contain  peripheral  logic  consisting  of  the  bit  detectors  input 
buffer  and  overflow  counter,  delayed  command  format  erroj'  detection  cir¬ 
cuits,  transmitter  modulation  encoder,  TM  input  output  buffers,  and 
prloriuy  interrupt  buffers.  The  Read  Only  Memory,  S  bus  multiplexer, 
and  connectors  for  the  core  memory  and  satellite  systems  are  also  on  the 
peripheral  cards. 

The  construction  method  consists  of  point-to-point  welded  wii-e  on 
feedthrough  pins  for  signals  and  laminated  planes  with  access  Jioles  for 
power  and  ground.  Microcircuits  are  parallel  gap  welded  to  the  top  of 
the  board  as  a  final  step  in  board  fabrication.  The  four  processor  and 
peripheral  logic  boards  bolted  into  a  magnesiiun  casting  weigh.  tv.’o  pounds. 
The  core  memory  vliich  consists  of  two  boards  and  tl'  ^  core  stack  bolted 
into  another  magnesium  casting  weighs  two  and  one-h  J.f  pounds.  The  two 
castings  clam-shelled  together  in  the  satellite  occupy  200  cubic  inches. 
The  power  processor  which  consists  of  current  limiters,  energy  storage 
capacitors,  and  gated  voltage  regulators  weighs  two  pounds  and  occupies 
50  cubic  inches. 
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A  TORPEDO  system  DIRECTOR:  LOGPRO#3 


J.  E.  Brewer 

Westinghouse  Electric  Corporation 


An  economical  digital  processor,  J-iOGPRO#3,  has  been  developed 
to  serve  as  the  system  director  for  underwater  vehicles  such  as  tor¬ 
pedoes  and  mobile  acoustic  targets.  LOGPRO's  architecture  and  spe¬ 
cial  instruction  set  allow  etficient  use  of  instruction  memory. 

INTRODUCTION 

LOGPRO#3  (LOGic  PROcessor)  wa.e  developed  to  serve  as  the  con¬ 
troller  for  a  torpedo  research  vehicle.  Its  purpose  was  to  explore  the 
feasibility  of  software  oriented  tactical  and  control  routines  in  ad¬ 
vanced  torpedo  systems,  and  to  aid  in  the  definition  of  the  systems 
ar cldtectuie  for  future  weapons.  Thit,  paper  deecribep  the  LOGPROi'iS 
prototype  machine. 

PHYSICAL  CHAR.ACTERISTICS 

As  shown  in  figure  1,  two  wire  \vr,-p  boards  form  the  LOGPROA'3 
machine.  The  boards  are  approximately  16  x  8  inches  in  area  and  5 
pounds  in  weight.  The  logic  and  lO  circuitry  was  implemented  using 
Fairchild  9300  Series  ITL,  and  appears  on  the  lower  board  in  figure  1. 
Ihe  upper  board  contains  a  3,  072 -word  by  16 -bit  raiidom  access  in¬ 
struction  memory.  The  primary  memory  component  was  the  Intel  1101 
chip.  This  prototype  was  constructed  for  flexibility  in  experimentation. 
All  of  the  integrated  circuits  used  are  available  olt  the  shelf  from  mul¬ 
tiple  vendors. 

In  general,  machines  of  the  LOGPRO  class  were  not  meant  to  be 
stand  alone  processors.  Physically  and  electrically  this  processor 
should  be  integrated  into  the  electi onic.s  of  the  torpedo.  The  LOGI  KO 
circuits  can  be  partitioned  oiuo  cards  c-  imilar  to  tho  ie  used  throogliout 
t),e  torpedo,  and  can  share  the  seme  power  sources. 


The  bJock  diagram  presented  in  figure  2  outlines  the  internal  or- 
g  nization  of  LOGPRO#3.  Instruction  memory  is  used  to  store  the 
program  or  torpedo  operating  algorithm.  Memory  is  the  largest  hard 
ware  cost  associated  with  LOGI  RO.  and  efficient  use  of  instruction 
memory  was  a  major  design  goal. 


onlu  r  ®  ^^^t^-'^ction  memory  operates  in  a  read- 

only  mode.  In  a  production  system  this  memory  would  be  partially  or 

the  LOGl^F  memory  (UOM).  In 

the  LOGl  FO#i  prototype,  a  read-write  system  was  employed  to  allow 
experimentation  with  software. 


FIGURE  2:  LOGl>RO/f3  block  diagram 
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THE  SYSTEM  DIRECTOR  FUNCTION 


The  selection  and  use  of  a  LOGPRO  machine  implies  a  commitment 
of  the  torpedo  to  a  hierarchial  multiprocessor  organization  such  as  that 
eliown  in  figure  3.  LOGPRO  was  designed  specifically  to  be  the  execu¬ 
tive  processor  or  system  director.  The  director  decides  when  and 
what  each  sub-system  is  to  do.  It  provides  set  point  information  and 
cues  action.  Figure  4  provides  a  broad  outline  of  the  functions  per 
formed  by  the  director. 

Awkward  separation  between  the  processor  and  other  sub-systems 
lias  been  eliminated  by  design.  LOGPRO  directly  addresses  and  loads 
registers  in  otlier  sub-systems.  It  can  directly'  address  and  force  or 
test  the  state  of  binary  variables  anywhere  in  the  system.  These 
functions  are  accomplished  using  single  instructions.  The  need  for 
investment  in  multiplexers  and  decoders  external  to  LOGPRO  is  elimi¬ 
nated  because  these  features  are  built  into  the  machine. 


WORKING 
MF  MORV 


SONAR  &  SIGNAL 

El  IGHV 

COMM AN U 

WEAPON 

PROCESSING 

CONI ROL  & 

GUlUANCT  & 

CONTROL 

SUB  SrSI LMS 

GUIOANCl 

SLIT  11  SI 

SUB  SVSl  1  M 

SUB  SYSTEMS 

SUB  SYSU  MS 

FIGURE  3;  Simplified  diagram  of  a  torpedo  multiprocessor 
organization  co-  ordinated  by  a  system  director  machine. 
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The  bulk  of  input  data  associated  with  decision  making  consists  of 
one-bit  logic  variables  which  inay  originate  from  any  sub-system. 

The  decision  making  process  requires  the  evaluation  of  a  combinational 
Boolean  expression  where  the  terms  of  the  expression  are  some  sub¬ 
set  of  the  input  variables,  time  dependent  variables,  or  the  remem¬ 
bered  result  from  earlier  logical  tests.  The  structure  of  the  computer 
program  (flow  and  branching)  contains  the  decision  rules  mentioned  in 
figure  4.  The  director  ay  influence  the  system  by  forcing  the  state 
of  logic  variables  or  wo  ds  witiiin  sub-systems. 


SYSTEM  DIRECTOR 


OTHER  SUB -SYSTEMS 

SENSORS,  controllers,  DATA  CONVERTERS, 
DATA  REDUCERS,  ACTUATORS 


FIGURE  4:  The  functions  performed  by  a  digital  director  machine 
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THE  instruction  SET 


LOGPRO#3  has  a  machine  language  vocabulary  of  11  instructions; 


jump  absolute 
jump  subroutine 
return 
junip  if  true 
jump  if  false 
simple  activate 
set  register 
set  flag 
set  timer 
wait 

maneuver  select 


JA  (m) 

JS  (m) 

RT 

JT  (d)  <s) 

JE  (d)  (s) 

SA  (g)  (p)  (q) 

SR  (r)  (n) 

SF  ((.  D)  (f,  B)  (f,  D) 
ST  (t)  (e) 

WA 

MS  (k)  (D) 


To  test  a  Boolean  expression  a  computer  must  l)e  able  to  test  a 
single  Boolean  variable.  The  ’’jump  if  true"  (JT)  and  "  jump  if  false" 
(JF)  instructions  provide  this  ability,  A  single  instruction  will  di¬ 
rectly  address  the  variable,  test  its  state,  and  branch  conditionally 
to  a  specified  address.  Execution  of  all  these  actions  in  one  instruc¬ 
tion  cycle  provides  a  time  saving  and  a  reduction  in  inst.-uction  mem¬ 
ory  requirements.  In  contrast,  computers  which  access  the  variable 
thru  a  non-transparent  multiplexer  will  trypically  execute  6  or  more 
instructions  to  accomplish  the  same  tiling. 

The  director  is  of  course  a  real-time  decision  maker.  Time  con  ¬ 
straints  are  provided  for  by  creating  time  dependent  logic  variables 
which  can  bo  tested  in  the  same  manner  as  any  other  binary  variable. 
When  the  "set  tinier"  (ST)  instruction  is  executed  a  logic  signal  goes 
to  the  One  state  for  the  time  interval  specified  by  the  argument  of  the 
instruction.  A  companion  instruction  call  "wait"  (WA)  allows  the 
option  of  halting  machine  operation  until  the  specified  time  interval 
transpires. 

Given  the  LOGPRO  ability  to  efficiently  test  a  single  variable,  the 
task  of  testing  an  expression  is  readily  accomplished  by  software.  If 
the  Boolean  expression  is  written  as  the  sum  of  products,  the  number 
of  instructions  required  to  test  the  expression  vvill  be  equal  to  or  less 
than  the  sum  of  the  nuniber  of  variables  in  each  term  plus  2. 

Expression:  ABC  t  DE  FGH 

Instructions  required:  (3  -t  .2  -i  3)  -t  2  =  10 
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An  iiTiportant  feature  contributing  to  the  efficient  use  of  instrui  ’on 
nieniory  is  the  provision  for  sub-routine  branching.  The  ''jumf  'ub- 
routine"  (JS)  and  "return"  (RT)  instructions  allow  multiple  neste 
sub-routine  calls  out  to  16  levels.  The  return  address  is  saved  auto¬ 
matically  on  execution  of  JS,  and  is  recalled  automatically  on  execu¬ 
tion  of  RT. 

Progranui'.ing  experiences  to  date  indicate  that  the  use  of  a 
LOGPRO  machine  offers  a  factor  of  4  saving  in  instruction  memory 
requirements.  Assembly  language  programming  has  proven  to  be  quite 
simple.  Engin».  er6  responsible  for  a  torpedo  system  have  written  their 
own  programs  without  any  special  assistance. 

SUMMARY 

The  pliysical  and  organizational  aspects  of  the  LOGPRO#?  prototype 
have  been  described.  When  a  torpedo  system  employs  a  hierarchical 
multiprocessor  architecture  the  use  of  a  LOCPRO  macldne  as  the  execu¬ 
tive  processor  is  appropriate.  The  LOCiPRO  design  provide^  hardware 
economy  and  allows  software  simplification. 
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DESIGN  OF  POWER  HYBRn)  MICROCIRCUITS 
FOR  HIGH  RELIABILITY  APPLICATIONS 


S.  Caruso 

National  Aeromutics  and  Space  Administration 
Marshall  Space  Flight  Center 
Huntsville,  Alabama 

M.  Staliler 

General  Electric  Company 
Space  Systems  Operation 
King  of  Prussia,  Pennsylvania 

W.  Schultz 

General  Electric  Coniptny 
Aerospace  Electronic  Systems  Department 
Utica,  New  York 


ABSTRACT 

Ir.  a  itic iixition  of  ttie  use  of  power  hybrids  (>25  watts)  on  the  Space  Shuttle,  NASA 
awarded  a  study  contract  (NAS  8-26383)  to  develop  guidelines  for  the  design,  fabrication, 
and  screening  of  power  iiybrid  circ  its.  The  material  presented  in  this  paper  is  a  sum¬ 
mary  of  tlio  results  of  tliat  shady. 


The  study  found  significant  differences  between  customary  design,  fabrication,  and 
screening  techniques  for  low  power  Iiybrid  circuits,  and  those  now  evolving  for  power 
hybrids.  These  differences  arc  primarily  tJie  result  of  the  following  considerations: 

.  Avoiding  second  breakdown  in  power  transistors 

.  Minimizing  thermal  leedback  from  power  transistors  to  temperature 
sensitive  low  power  circuitry 

,  Providing  interconiioctions  with  current  carrying  capability  in  excess 
of  1  ampere 

.  Providing  resistors  witli  powe"  dissipation  capability  in  excess  of 
0.  5  watt 

.  Providing  resistors  below  1  ohm  in  value 

.  Considerably  different  form  factor  requirements 
A  sunimary  of  the  findings  in  each  of  these  areas  is  prescntcvl. 

THERMAL  DESIGN 

Perhaps  the  most  difficult  of  the  above  design  considerations  to  achieve  is  a  low 
enough  chip  to  ambient  thermal  impedance  to  avoid  second  breakdown  power  transis¬ 
tors.  The  first  stop  in  this  direction  is  obtaining  a  hybrid  package  which  is  designed  to 
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be  mounted  to  a  he;it  sink.  The  tjpes  most  commonly  in  use  are  the  bolt-down  type  and 
the  slud-moui;t“d  pacltapcs  (Figure  1).  Inside  the  package,  boryllla  substrates,  copper 
heat  spreaders  on  alumina  substrates,  and  thin  alumina  substrates  are  techniques  which 
arc  being  used  *o  minimize  junction  to  case  thermal  Impedance. 


STUD  MOUNTED  PACKAGE 


Figure  1.  Fackage  Typos 


In  choosing  between  these  techiiiqucs,  a  general  rule  of  thumb,  from  a  thermal 
impedanre  point  of  view,  is  to  use  a  thicker,  more  conductive  thermal  strur.ure  in  pref¬ 
erence  to  a  thinner,  less  conductive  one.  As  an  example,  consider  two  designs  with 
equal  substrate  impedance  (Figure  2). 

r-  CUIP 


DESIGN  NO.  1 


DESIGN  NO.  2 


Figure  2.  Substrate  Thickness  Comparison 


Uoslgn  No.  1  lias  a  tiiin  alumina  substrate  with  the  same  thermal  impedance  as  the 
thicker,  more  conductive  bcryllia  substrate  in  Design  No.  2.  Assuming  lliat  the  heat 
generated  in  tlie  chip  flows  al  a  spreading  angle  of  45°  the  heat  in  Design  No.  2  will 
flow  across  the  substratc-case  bond  over  an  effectively  larger  area  than  will  be  true  for 
Design  No.  1.  This  will  result  in  a  lower  substrate  to  case  thermal  impedance  for  De- 
.Sigii  No.  2.  Similarly,  iho  case  and  case  to  licat  sink  impedances  will  be  lower  for  De¬ 
sign  No.  2  because  the  heat  is  flowing  over  a  Larger  area. 


THF.RMAL  FJiEOBACK 


An  important  design  consideration  in  circuits  sucli  as  voltage  regulators,  where 
temperature  sensitive  low  power  eonijxinents  arc  located  inside  the  jiackage,  is  minimiz¬ 
ing  tlierm.al  feedback  from  power  components  to  the  temperature  sejisitivc  components. 
Analysis  stiows  tliat  tiiermai  feedback  is  niinimized  when: 

Power  component  to  heat  sinit  impedance  ts  minimized 
Teinpeiature  .sensitive  roniponent  to  heat  sink  impixianre  is  niinimized 
Tlic  impedance  between  the  two  eomponeiits  is  maximized 

Achieving  these  three  condiiions  simultaneously  suggests  using  a  tiiick  conductive  struc¬ 
ture  for  mounting  power  devices  and  a  thinner,  less  conductive,  s  ructure  for  mounting 
low  power  temperature  sensitive  components.  One  way  of  doing  this  is  to  use  an  alumina 
substrate  for  low  power  devices  and  a  reparate  beryllia  substrate  for  power  devices. 
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INTEKCONN  ECTIONS 


HitJli  iwwcr  circuit  designs  frequently  require  interconnections  which  will  carry 
significantly  more  current  than  the  film  conductors  typically  found  in  low  power  hybrids. 
Double  printing  of  thick  film  conductors,  conductor  runs  up  to  an  order  of  magnitude 
wider  tlian  those  usually  found  in  low  power  circuits,  and  large  diameter  aluminum 
wires  (5-20  mils)  similar  to  those  found  in  power  transistors  arc  being  used  to  conduct 
currents  in  tlie  1  to  40  ampere  range.  Typical  thick  film  conductors  produced  by  usual 
processes  will  support  1  to  2  amperes  per  10  mils  of  conductor  width.  However,  the 
scries  resistance  of  these  conductors  may  become  significant.  Therefore,  it  is  impor¬ 
tant  to  kcci)  runs  as  short  and  as  wide  as  possible.  Many  thick  film  manufacturers  in¬ 
clude  minimum  design  widths  in  tlieir  design  specifications  when  tlie  resisUrnce  of  con¬ 
ductor  runs  becomes  critical.  Most  thick  film  conductors  will  fall  within  the  range  of 
0.001  to  0. 1  olim  per  square.  Resistances  on  the  lower  end  of  thLs  range  arc  achieved 
by  specifying  maximum  percentage  gold  and  maximum  tiiickness.  Increased  Uiick  film 
conductor  tiiickness  and  thus  lower  resistance  may  bo  achieved  tlirough  'lie  use  of  larger 
screen  mesh  and/or  emulsion  thickness  or  very  simply  by  repeated  printings  of  the  con¬ 
ductor. 

RESISTORS 

Thick  film  resistors  printed  with  )xilladiuni-silver,  ruthenium  oxide  and/or  plati¬ 
num  Ixisixi  metal  systems  can  reliably  kindle  power  densities  as  high  as  1000  watts  per 
Square  inch  of  resistor  material,  if  adequate  heat  sinking  to  mainiiin  tenipcratures  be¬ 
low  1.50'^C  is  available.  Tost  resistors  pruited  with  these  materials  remained  stable  to 
a  continuous  iiov'er  loading  of  500  watts  per  square  inch  for  more  than  3000  hours.  A 
drift  m  resistance  of  loss  tkan  0.5^’  was  observed  for  all  the  resistors  except  these 
printed  with  a  10  ohms  per  square  ixtlLadium-silver  material.  These  clianged  less  Llian 
2,0'^.  after  3000  hours. 

Another  aspect  of  resistor  stability  to  be  considered  when  higl-.-povucr  handliiii-.  is 
involviHi  is  ihai  of  king  ti'rm  stability  to  elcf.ttcd  temperatures.  The  results  of  many 
investigators  sliow  tkit  the  resistors  fabricated  with  the  above  paste  systems  linve  ex¬ 
cellent  long-lorni  stability  to  temperatures  up  to  200''C.  Some  paste  niai  jfaeturors 
claim  less  timn  O.SC,'  drift  in  resistance  after  10,000  hours  at  ]50'’C  in  air  for  all  resis¬ 
tivities  ranging  from  1  ohm  per  Square  to  1  megohm  per  square. 

Another  concern  for  the  engineer  designing  thick-film  resistors  in  higli  power  ap¬ 
plications  is  their  sensitivity  to  voltage.  I'hc  effect  of  this  sensitivity  is  minimized  by 
designing  long  (multiple  square)  resistors  in  preference  to  short  (fractional  square)  re¬ 
sistors.  Tlie  use  ol  paste  systems  that  liavc  been  shown  to  be  less  sensitive  to  voltage 
gradients  also  minimizes  the  danger  of  resistor  drifts  in  high  power  apjilieations.  Paste 
systems  rated  in  excess  of  20C0  volts  per  inch  of  length  fur  most  resistivities  are  avail¬ 
able  from  several  jiaste  manufacturers. 

CONDUCTOR  RESISTORS 

Film  conductors  may  be  used  to  form  the  low  value  high  current  resistors  one 
often  finds  in  power  circuits.  Resistances  on  tlie  order  of  0,005-0. 1  ohm  per  square 
are  generally  obtainable.  This  ajiiirnach  is  most  useful  when: 

.  The  relatively  high  TC  (up  to  4000  ppni/“C)  of  conductors  can  be  tolerated 

.  Use  of  this  technique  results  in  a  smaller  area  requirement  tkan  a 
standard  film  resistor 

.  Tolerance  is  aceejitable  (obtainable  t-'lcranee  will  depend  heavily  on  the 
individual  trimming  process;  for  o.xample,  whether  or  not  Liser  trim 
is  aw.uLable) 
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All  excellent  exiimple  of  wlicz'c  tliL?  teclmique  can  be  used  to  good  advantage  is  In  Uic  Con¬ 
struction  of  sense  resistors  wtiich  arc  used  to  hinit  the  output  current  of  power  ampli¬ 
fiers  and  series  regulators  during  an  overload. 

FORM  FACTOR 

Form  factor  requircniciits  for  power  hybrids  differ  substantially  ironi  thase  lor 
low  jiowcr  hybrids.  The  user  of  low  power  hybrids  normally  places  hybrid  circuits  on  a 
printed  circuit  board  along  wiUi  many  other  components.  Thus  to  complete  the  function 
of  iho  hybrid  circuit  by  requiring  external  comiionents  elsewhere  on  a  printed  circuit 
board  Ls  not  a  signiflc.ant  tradeoff. 

Ill  the  case  of  power  hybrids,  the  situation  is  quite  different.  The  power  hybrid 
will  normally  be  mounted  on  a  hi'at  sink  whore  it  is  not  so  convenient  to  mount  external 
components.  Therefore,  to  acliievc  a,,  acceptable  form  factor,  mounting  of  external 
components  directly  to  the  liybrid  packtige,  and  modules  designed  specifically  for  power 
hybrids  arc  being  used. 


CONCLUSION 

The  findings  of  the  study  clearly  indicate  tlial  micro  (liybrid  inicroelcctroiiic)  is 
no  longer  synonymous  with  micro  power.  Hybrid  microelectronic  techniques  were  found 
to  be  readily  adaptable  to  h'gh  power  circuit  designs  (>25  watts). 
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SUBMINIATURIZATION  OF  TELEVISION  CAMERAS  THROUGH 
IIYBRIU  I.C.  'TECHNOLOGY 


by:  James  H.  Mcacham 


Westiiighouse  Electric  Corporation 
Defense  and  Electronic  Systems  Center 
Baltimore,  Maryland 


The  effective  utiHzation  of  liybrid  I.C.  packaging  in  television 
systems  will  be  surveyed  to  clarify  the  steps  which  led  to  the  creation 
of  a  series  of  self-contained  subminiature  television  cameras. 


Over  the  past  decade,  television  teciinology  has  achieved  signifi¬ 
cant  advances  in  performance  capability  through  new  sensor  developments, 
as  well  as  improvements  in  physical  format  through  solid  state  techniques. 
However,  teJ.evision  systems,  like  the  majority  of  other  hardwiirc  areas, 
have  not  kept  in  stride  with  the  rapidly  emerging  Multichip  I^rid  Pack¬ 
age  concepts.  In  an  atten^-st  to  rectify  tliis  situation,  a  series  of 
subminiature  televd.sion  cameras  have  been  developed  which  effectively 
mate  the  state-of-the-art  cai>abilities  in  both  sensor  and  hybrid  I.C. 
tecluilqucs « 


The  creation  of  an  MHP  full-capability  television  camera  followed 
use  of  emergirig  hybrid  IC  fabrication  techniques  in  miniaturizing  the 
digital  circuits  required  in  imaging  systems.  The  EIA  Sync  Generator 
shown  in  Figure  1,  was  initiated  5ji  196?  and  was  the  first  production- 
oriented  unit  designed  for  TV,  It  uses  22  monolithic  digital  chips 
to  provide  full  ETLA  mixed  sync,  mixed  blank,  and  horizontal  and  vertic.al 
drive  outputs.  It  was  used  in  a  Compact  Camera  series  and  the  Apollo 


Color  TV  Camera,  and  it  demonstrated  high  reliability  in 


of  environmental  testing  for  these  uses. 


The  Sync  MHF  contains  an  all-digital  sync  generator,  in  wliich  a 
high-frequency  clock  is  divided  by  2,5  to  provide  twice  the  horizontal 
The  logic  available  in  the  -j-  25  counters  is  used  to  generate  the  hor¬ 
izontal  blanking,  equa’Jizing  pulses,  and  serrations.  The  vertical 
reference  is  generated  by  a  t  525  countdown.  The  logic  available  in 
these  counters  generates  the  vertical  drive  and  blanking  a:ad  the  ver¬ 
tical  sync  intervals.  Mixel  sync  and  blank  output 3  are  formed  by 
summation.  The  unit  can  operate  in  the  525  mode  (60Hz  vertical  Amer- 
icaji  standard,  or  with  one  jumper,  in  the  625  (5(1  Hz  vertical)  Euro¬ 
pean  standard. 
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The  1-inch  square  sync  Mill’  is  a  direct  replaccmcait  for  commercially 
available  units  typically  one  hui.drcd  tiones  its  size.  Having  success¬ 
fully  acliieved  the  Imjilomcntation  of  the  digital  circuitry  necessary  in 
a  television  system,  the  self-contained  SUBMIN-TV  (Figure  2)  was  initiated 
to  make  full  utilization  of  MIC’  capability  for  both  the  digital  and  analog 
functions  required  in  a  television  camera.  Some  of  the  basic  parameters 
of  the  SUBMIN-1'V  are  listed  below. 


Sensor 
Beam  Focus 
Bean  Dcflectior. 

Size 

Weight 

Input  Voltage 
Input  Power 
Scan  Format 

Video  Bandividth 

Video  Format 

Operating  Temperature 

Maximum  Resolution 

S/H  at  U  fc  Faceplate  lUvuu 


Vi die on 
Electrostatic 
Magnetic 

1.5  X  1.5  X  5  in. 

9.6  ounces 
12  i  1  Vdc 
6.0  W  at  12  V 

525  line,  30  frame/sec  switchable 
to  625  line,  25  frame/sec 

6  MHz 

l-A  V  video  iixto  75  oiims  EIA  RS  170 
-20  to  H  55°C 

450  tvlAh 

36  dB 


The  implementation  of  digital  circuits  and  use  of  new  techniques 
makes  the  SUdMBI-TV  electronics  as  mique  as  the  packaging.  As  shown 
in  the  block  diagram  (Figure  3)>  bhe  unit  is  divided,  electrically  and 
physically,  into  functional  blocks  that  provide  isolation  and  logical 
signal  flow.  Each  of  the  6  major  blocks  is  contained  in  a  1-inch  square 
hybrid  package. 

The  Pi'eanp  MHP  uses  an  FET  front  end  and  a  feedback  configuration 
to  con^iensate  for  the  target  RC  knee. 

The  Postamp  Package  amplifies  and  clamps  the  I’reanp  output  and 
processes  it  with  ndxed  sync  and  miuced  blank  logic  to  form  the  EIA  ilS 
170  composite  broadcast  video  format,  which  contains  full  equalizing 
and  serration  pulses. 

Tlie  Sweep  Package  (Figure  4),  is  a  five  layer  thick  film  unit  and 
uses  a  Millei-  run-up  feedback  configuratioii  to  generate  the  vertical 
current  sa\/tooth.  The  horizontal  deflection  sawtooth  is  generated  by 
an  inductive  flyback  approach. 

The  SFP  block  contains  the  master  oscillator,  high  voltage  drive, 
horizontal  and  vexilcsl  3V'r:ci>  lail  protection,  or."’  cathode  blank  driver 
circuits.  The  HVPS  drive  circuits  synchronize  ijiverter  switching  tran¬ 
sients  with  the  horizontal  interval  to  eliminate  pick-up.  Sweep  fail 


detection  circuits  blank  the  sensor  cathode  if  a  sweep  failure  occurs- 

The  liybrid  fabrication  tecluiiqucs  used  in  tlio  original  SUDMIN-TV 
lend  1  hcjiiselves  directly  to  an  off-tlie-sliolf  buili.  uig  block  tyj’e  of 
production.  Small  pockago  size  and  simple  interconnections  aliow 
adapLai.ions  to  nearl;/  any  configuration.  Tliis  capability  was  used  to 
advaiitage  in  the  development  of  the  W1'C~25  low  cost  television  camera 
(Figure  i?).  As  shown  in  Figure  6,  the  camera  uses  four  of  the  basic 
SUBMIN-TV  1-incii  square  thick  film  HHT  to  provide  the  electronics 
required.  As  indicated  by  tlie  camera  assembly,  the  four  MHl’  are 
mounted  thr-u  connector  sti’ips  and  are  tlius  field  replaceable.  In  a 
production  orientation,  the  MlIP  arc  tested  in  itidividual  test  fix¬ 
tures,  installed  in  a  final  camera  for  a  total  system  checkout  and 
then  scaled  and  marked. 


Again  using  the  SUBMlN-i'V  toohnology  us  u  building  block,  a 
miniature  low-light  level  cuiiieru  was  developed  using  eight  MliP  utiits 
to  drive  a  l6iimi  KJ3S  image  tube  (ElioICON).  Tlje  MINSIT  W  Camera 
(Figure  7)  is  u  completely  self-contained  iinit  and  contains  automatic 
gain,  light  level,  aperture  correction,  and  iris  drive  control  loops 
in  addition  to  a  complete  built-in-test  capability.  The  camera's 
basic  parajiiotors  are  listed  teJow. 


Sensor 

Image  Focus 

Deflection 
and  Focus 

Si  26 

Input  Power 

Scan  Fornat 

AGD/ALG 

Range 

Video  Bandwidtli 
Resolution 


Video  Oui.put 


I6mm  SIT 

Electrostatic 

Kagnetic 

2.7  in.  dia,  9.37  in.  long 

10  W  at  12  i  2  V 

525  line,  30  frame/sec 

< 6dB  change  over  10,000:1 
light  range 

7-5  ^U^z 

625  TVL/RH  to  10“^  fc 
(Faceplate) 

AOO  TOyRH  at  5  x  10~^  fc 
(Faceplate 

1.4  V  p-p  EIA  liS  370 


The  Minsit  Anerture  Coiuector  MP  shown  in  Figure  8  is  indicative 
of  total  thick  film  units  possible  in  a  large  volume  orientation.  Prior 
packages  ijave  used  resistor  chips  because  of  the  greater  cost  effective¬ 
ness  and  substrate  versaLilii.y  for  small  quantity  development  units. 


The  tiiree  basic  television  camera  units  described  a.~e  used  in  a 
vast  array  of  applications  which  take  parl-lcular  advantage  of  the  size 
and  weight  afforded  by  the  use  of  MHP  units.  Typical  applications 
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include  project  instruroontation,  tvoapon  delivery,  gimbal  mounted 
video  tracking,  drone  recoiuiaisaanco,  ocoanograpliLc  surveillaiico, 
and  mine  rescue  operations. 

The  successful  utilization  of  hybrid  tedmology  in  television 
camera  systems  exemplifies  '•lie  edvantages  inherent  >d.th  tills  aji- 
pi'oach.  Its  application  to  other  forms  of  hardware  can  bo  made 
with  similar  results. 


Syr-C  (Jen* 


n  »v«  ! 


Figure  3  5IJBWIN~TV  System  BlocV  Diogrom 
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RADIATION  CHARACTERISTICS  OF  HARDENED  DIGITAI,  1C  FAMILY 


R.  M,  Orndorff,  K.  R,  Walker 

Hughes  Aircraft  Company 
Culver  City,  California 


ABSTRAC  r 

This  paper  presents  the  radiation  characterization  in  simulated 
nuclear  environments  of  pilot  production  units  from  a  recently  devclojicd 
hardened  lovj-power  Transistor-Transistor  Logic  (TTL)  integrated  circuit 
family.  The  devices  were  developed  by  the  Air  Force  Material  Laboratory, 
Wr ight-Patterson  AFB,  Ohio,  and  were  monolithic  integrated  circuits 
designed  for  use  in  radiation  environments.  The  technologies  utilized 
in  development  of  these  devices  included  dielectric  isolation,  thin 
film  nichrome  resistors,  minimum  transistor  geometry,  photocurrent 
compensation  and  resistor  current  limiting. 

A  total  of  teit  device  types  were  fabricated  including  six  different 
gate  structures,  three  different  bistable  multivibrators  and  a  mono- 
stable  multivibrator,  A  total  of  310  devices  wore  received  for  this 
parts  chaiacterization  program.  The  devices  were  irradiated  in  five 
separate  radiai.ion  facilities  which  included  a  Cobalt-60  source,  a  low- 
energy  x-ray,  a  linear  accelerator  (LINAC),  a  flash  x-ray  and  a  nuclear 
reactor.  The  device  parameters  that  were  monitored  and  reported  include 
saturation  voltage,  rise  time,  fall  time,  power  drain,  transient 
response,  burn-out  and  latch-up. 

TEST  PROGRAM 

The  devices  characterized  during  the  test  program  were  low-power 
radiation  hardened  TTL  integrated  circuit  devices  designated  as  the 
RSN  54L  series.  They  were  pin-for-pin  replacements  for  their  unhardened 
low-power  counterparts  in  the  SN  5AL  family.  Table  1  tabulates  the 
device  types  characterized  in  the  radiation  environments. 

In  addition  to  the  nine  device  types  tabulated  in  Table  1,  a 
special  radiation  hardened  flip-flop  family  was  fabricated  in  accordance 
with  circuit  design  specifications  provided  by  Hughes  Aircraft  Company, 
These  special  devices  were  designated  as  HlC  117A,  HlC  117B,  fllC  117C 
and  HIC  117D  and  were  a  modified  circuit  design  of  the  RSN  54L  71  RS 
Flip-Flop  device.  The  Hughes  specifications  for  the.se  modified  devices 
were  calculated  to  signiClcaiiLly  improve  the  radiation  error  threshold 
of  the  RS  Flip-Flop  when  irradiated  in  a  highly  ionizing  environment. 
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TAllli;  1.  RSN  5AL  family  SLRlLi; 


1. 

RSN 

54L 

00 

Quad -2 

li.put 

Ga  te 

2. 

RSN 

54L 

10 

Ti iplc- 

3  Inpn 

It  Gate 

3. 

RSN 

54L 

20 

Dua 1 -4 

Input 

Gate 

4. 

RSN 

54L 

57 

Aiid-Or- 

Inver  t 

.  Gate 

5. 

RSN 

54L 

71 

RS  Flip 

-Flop 

6, 

RSN 

54L 

74 

Dua  1  D 

Edge  1 

'riggered  Flip-Flop 

7. 

RSN 

54L 

122 

Monos ta 

blc  Mu 

o 

> 

8. 

RSN 

54L 

130 

Dual -3 

Input 

Gate 

0. 

RSN 

54L 

131 

Dua 1 -3 

Input 

Gate  with  Extender 

All  of  the  above  devices  utilized  design  techniques  for  improved 
survivability  in  a  hostile  nuclear  radiation  envi  roriincnl .  Dielectric 
isolation  was  used  to  preclude  the  possibility  of  radiation  induced 
latch-up  and  to  minimize  photocurrents.  Minimum  transistor  geometry 
was  used  to  minimize  photocur rents  and  minimize  neutron  induced  degrada¬ 
tion.  Tliin  film  nichromc  resistors  and  pliotocurrent  compensation  were 
used  to  minimize  the  transient  photocurrent  responses.  Resistor  limit¬ 
ing  was  used  in  all  leads  connected  to  the  power  distribution  bus  to 
minimize  the  possibility  of  burn-out.  The  hardened  integrated  circuits 
were  irradiated  at  the  tive  radiation  facilities  listed  in  Table  2. 

TABLE  2.  RADIATION  TEST  FACILITIES 


Faci 1 ity 

Location 

Range  of  Irradiation  Levels 

C  <ibalt-60 

Steady  X-Ray 

Linac 

Flash  X-Ray 

Nuclear  Reactor 

Mtigiios 

Hughes 

Hughes 

HERMES  11 

WSFBR 

4  7 

1  X  iO  to  2  X  10  rad(Si) 

1  X  10^  to  1  X  10^  rad(Si) 

1  X  lo’  -  1  X  lo’^  rad(Si)/s 

1  X  10^*^  -  5  X  10^^  rad(Si)/s 

1  X  10  -  1  X  iO  n/cm 

TEST  RESULTS 

A  close  examination  nf  the  bias  current  data  'ocforc  and  after  each 
irradiation  series  for  each  device  reveals  less  than  5?.  difference 
between  the  BEFORE  and  AFTER  readings  for  most  devices.  This  is 
approximately  the  error  range  for  visual  reading  of  the  bias  current 
meters.  Thus,  the  general  conclusion  is  made  that  the  change  in  bias 
current  for  all  of  the  devices  was  negligible  for  the  radiation  lest 
levels  at  all  five  radiation  facilities. 

Transfer  c  arac teri sties  were  monitored  for  devices  in  the  Cobalt- 
CO  tests,  x-ray  tests  and  in  the  LINAC  tests.  The  transfer  chaiactcris- 
tics  before  and  after  irradiation  were  plotted.  No  appreciable  changes 
in  the  transfer  charaetcrist 'cs  were  evident  even  when  the  devices  were 
irradiated  to  the  maximum  levels  in  the  pcrniaiicnt  effects  degradation 
tes  ts. 
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The  saturation  voltage  was  nicasurcd  on  c%'cry  device  tested  in  each 
environment  at  five  values  of  load  current  ranging  from  unit  load  to 
4X  overload.  The  test  data  shows  an  increase  of  only  a  few  millivolts 
at  full  load  for  all  devices  except  tliosc  irradlat'jd  at  the  nuclear 
reactor.  Those  devices  showed  acceptable  levels  of  degradation  up  to 
neutron  Irradiations  approximating  2  x  10^“^  n/cir^. 

The  rise- tiiiic ,  fall-time  data  is  important  since  it  indicates  a 
decrease  in  maximum  operating  speed  with  increasing  radiation  dose.  The 
test  results  sliowcd  that  in  all  eases  the  device  fall-time  v;as  not 
significantly  affected  at  any  levels  of  irradiation.  The  device  rise- 
times,  however,  were  significantly  increased  in  all  environments. 

The  devices  irradiated  in  the  Cobalt-60  exhibited  a  fairly  linear 
increase  In  rise-time  reaching  approximately  a  SO"/,  increase  at 
3  X  107  rad(Si).  The  devices  irradiated  in  the  steady-state  x-ray  also 
exhibited  a  fairly  linear  increase  in  rise-time  reaching  approximately  a 
507.  increase  at  1  x  10^  rad(Sl).  The  devices  irradiated  in  the  linear 
accelerator  txh''blted  an  exponential  increase  in  rise-time  reaching  507. 
at  approximately  3  x  10^  rad(Si).  The  devices  irradiated  at  the  super 
flash  x-ray  exhibited  a  507.  increase  in  rise-time  over  a  dose  range  of 
1  X  10^  to  1  X  10^  rad(.Sl),  The  devices  Irradiated  in  the  itcurron 
environment  exhibited  an  exponential  increase  in  rise-time  reaching  1007, 
increase  as  Indicated  in  Table  3. 

TABLE  3.  NEUTRON  FLUENCE  INDUCING  1007.  RISE-TIME  INCREASE 


Device 

1 

Device 

wmm 

Quad-2  Input  Gate 

2E14 

1 

Moiiostable  MV 

1,E14 

And-Or-Inver t  Gate 

2E14 

1 

Dual  D  Flip-Flop 

8E13 

RS  Flip-Flop 

1E14 

1 

Triplc-3  Input  Gate 

6E13 

Dual-3  Input  Gate 

1E14 

1 

Dual-3  Gate  Ext. 

2E13 

A  total  of  65  devices  vrero  irradiated  in  tb.c  linear  accelerator 
test  program  at  dose  rates  up  to  3  x  lO^^  iad(Si)/s,  A  total  of  60 
devices  were  irradiated  in  the  flash  x-ray  test  program  at  dose  rates 
up  to  5  X  10^^  rad(Si)/s.  Each  device  was  exercised  after  every 
irradiation  pulse  and  monitored  for  evidence  of  latch-up  or  burn-out. 

No  evidence  of  latch-up  or  burn-out  was  seen  during  either  the  linear 
accelerator  testing  or  the  flash  x-ray  testing. 

Table  4  lists  the  range  of  transient  error  tliroshold  for  each 
device  type.  Error  thresholds  for  Table  4  are  defined  as  the  dose  rate 
level  causing  an  output  voltage  transient  to  drop  below  3.0  volts  when 
the  output  is  in  the  logical  ONE  state  or  to  raise  above  0.8  volts  when 
the  output  is  in  the  logical  ZERO  state.  Tliis  data  was  measured  at  the 
linear  accelerator  with  the  devices  maintained  in  a  steady  DC  condition. 
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TABLIi  A.  KAN'Jl-  01'  TUANS ll-NT  OKROR  TllRTSMOLDS 


Device 

Thrcsliold 

rad(Si)/s 

Dual  D  FI' 

I'l'.lO 

-  3F10 

me  117D 

SE9 

-  IF  10 

me  ii7e 

7  DO 

••  21110 

me  11711 

5F9 

-  2E10 

Triplc-3 

5i;9 

-  21110 

AOl 

3K9 

-  6119 

Dev  ice 

Threshold 

rdd(Si)/s 

Dual-3 

2L9  -  31110 

Dual -3  Fxt. 

2119  -  11110 

Dual -4 

5F8  -  7119 

RS  FF 

5E8  -  4119 

Quad -2 

IDS  -  7119 

MV 

1F7  -  5F7 

Tabic  5  shov.’s  the  results  for  the  flash  x-ray  Icstint;  to  determine 
the  static  phase  shift  error  ilucshold.  This  error  tlireshold  is  defined 
as  the  radiation  level  required  to  induce  an  erroneous  change  of  state 
in  a  n’ul ti vibrator  circuit.  These  arc  static  tests  which  means  that 
the  multivibrators  were  ni>t  being  clocked  or  triggered  during  the 
irradiation  pulse.  No  attempt  was  made  to  clock  or  trigger  these 
circuits  concurrent  i.iilt  tlie  flash  x-ray  pulse  since  a  satisfactory 
synchronization  pulse  could  not  be  established  with  the  Hermes  11 
machine,  Tlio  Monoslablc  Multivibrator  device  has  Lite  most  sensitive 
static  error  throstiold  of  4  x  10'''  rad(Si)/s.  Tlic  table  shows  tlic 
progressive  hardness  of  the  device  typos  culminating  in  the  IlK.  ll'/D 
which  has  a  hardness  tevfl  above  the  capability  of  the  Hermes  11  niai.liine 

TAllLK  1).  MULTIVlllRA'tOR  STATIC  TIIASK  SHIl'T  ERROR  TIlRKSHOLhS 


Device 

Dos i gnat  ion 

.Static  I'liase  Shift 
F.rror  Threshold 
rad(Si )/s 

Hardened  FF 

me  117D 

5111 1 

Hardened  FF 

me  1170 

51111 

tJ  o  ».  .1  .1  l.'l  • 

■  tej  JL  Civile  VI  i'  i 

Hie  1 1 7  n 

i  I’,  1 1 

Hardened  FF 

me  117A 

41110 

Dual  1)  FF 

RSN  541,  74 

41110 

US  FI' 

RSN  541.  71 

IF  10 

Monostable  MV 

RSN  541,  122 

4F8 

Table  6  shows  tlic  results  from  the  linear  accelerator  testing  to 
deiorinine  dyna-iiic  phase  shift  error  tliresholds.  The  dynamic  error 
tlireshold  is  defined  as  the  radiation  level  requiied  to  induc<  .in 
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TABLL  6.  MULTIVIBRATOK  DYNAMIC  PHASt:  SHIFT  ERROR  THRESHOLDS 


Device  Type 

Maximum 

Operating 

Speed 

(MHz) 

Dynamic  Fhasc  Shift 
Tiircsbold  rad(Si 

Error 

)/s 

100  ns 
pulse 

200  ns 
pulse 

400  ns 
pulse 

Hard  Flip-Flop 

HlC  117D 

0.4 

* 

* 

2E10 

Hard  Flip-E'lop 

HlC  117C 

0.7 

He 

He 

8E9 

Hard  Flip-Flop 

HlC  li7B 

1.0 

5E10 

lElO 

2E9 

Duel  D  Flip-Flop 

RSN  54L  74 

5.0 

lElO 

N/A 

N/A 

RS  Flip-Flop 

RSN  54L  71 

2.0 

5E9 

N/A 

N/A 

Hard  Flip-Flop 

HlC  117A 

2.0 

2E9 

7E6 

t)E8 

*  Dynamic  error  threshold  greater  than  linear  accelerator  maximum 
capability  of  5E10  rad(Sl)/s. 


erroneous  change  of  slate  in  the  multivibrator  circuit  when  that  circuit 
is  being  clocked  or  triggered.  These  arc  dynamic  tests,  which  means  that 
the  clock  or  trigger  signal  which  exercises  the  multivibrator  circuit 
is  synchronized  with  the  linear  accelerator  radiation  pulsc^ 

The  dynamic  phase  shift  error  threshold  tests  showed  four  iraportanl 
results.  First,  they  showed  that  all  of  the  multivibrator  circuits 
tested  wore  more  susceptible  to  radiation  induced  [base  shift  when  the 
circuit  output  was  in  the  process  of  changing  states  as  a  result  of  an 
applied  clock  pulse  o’"  trigger.  Thus,  the  Dual  D  Flip-Flop  was  most 
sensitive  immediately  following  the  leading  edge  of  the  trigger  signal 
while  the  RS  Flip-Flop  family  v.'as  most  sensitive-  irrmie J ia to iy  following 
the  trailing  edge  of  the  clock  pulse  signal. 

Second,  these  tests  also  showed  that  the  circuits  become  more 
susceptible  to  radiation  induced  phase  shift  errors  as  the  multivibrator 
devices  are  clocked  at  speeds  approaching  their  maximum  capability. 

This  occurs  since  a  multivibrator  circuit  being  clocked  at  near  its 
maximum  operating  capability  docs  not  have  sufficient  time  for  the 
internal  reactive  components  (including  distributed  capacitance)  to 
settle  to  their  quiescent  voltage  levels,  thus  providing  maximum  noise 
rejection. 

Third,  these  tests  also  show  how  the  HlC  117  family  ot  circuits 
become  more  susceptible  to  radiation  induced  dynamic  error  thresholds 
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O/NAV-tC  f  THRESHOLD  f  RAO  fSj/sJ 


as  the  dural  iun  of  tlie  ladialion  pul.st-  is  Incteascii.  This  occurs  since 
the  hardening  capacitance  in  tte.-se  circuits  bccoincs  di  scliarged  at 
lower  iiiadiaiion  levels  as  the  pulse  duraticui  becomes  longer. 

An  finally,  tlicse  tests  show  tlie  ionization  liaidness  achieved  bj- 
the  me  117  family  scries  ol'  circuits.  This  data  sliows  tlie  inciease 
in  dynamic  crior  thrcsliold  achieved  as  larger  capacitance  values  arc- 
added  to  the  basic  hardened  fli['-flop  circuit.  These  figures  also  show 
how  the  additional  cai'acilancc  decreases  the  maximum  operating  speed, 
and  how  radiation  pulse  width  aftccis  radiation  hardness. 


CLOCK  rULSC  SPLCO  (MtWI 

1  .-t  1 1  ri  ] 

me  117  Compos  i  l e  , 


CLOCK  PULSC  SPLTD  (MH/) 


100  NS  I’ulsc  Width, 


Dynamic  Krror  Ttireshold, 


hi  line 


riguro  2, 

me  117  Compos  i  tc  , 

AOO  NS  I’ulse  Widtli, 
Dynamic  I'l  ror  Threshold, 
l.inae 


UNiVKHoAl.  DIGITAL  iNTKGiaTKli  CiDCUiT* 


]\ .  M  .  Gr(jy  and  D .  G  .  Skogiiio 
Soiidia  Ln'joratorios ,  Albuiincrgtue ,  New  Mexico 


ADGTlvACT 

The  Universfil  Digital  LiiLegi'ated  Ciivuit  (UDiC)  ie  a  radiation- 
tolerant  ,  beuiii-lealod  design  eaiuible  of  forming  witli  apj'roj['riate 
external  pin  interconneetione  any  one'  of  four  digital  circuits. 

1KTK0DUJT1.0M 

Tiie  Universal  Digital  Integrated  Circuit  (UDIC)  in  a  radiation- 
tolerant  design  offering  four  digital  functions  on  a  uingle  mono! ithic 
chip.  With  apt’roi'riate  external  pin  interconnections,  and  the  adJit.ion 
of  t.iniing  and/or  inyut  triggering  earuoitors,  the  UDi'J  is  capable  of 
functioning  as  a  (l)  Dual  Kruid  Gat-e,  (.C)  SJngi(;-3hoL  Multivibrator, 

(3,''  Kree-Hun  Multivibrator  or  ()i)  Dulse-Triggered  Binary.  Ttie  UDIC 
requires  that  two  radiation  hai’dening  teclu;ic|,ues  be  combined  into  beaiu- 
Icadod  form.  These  teclmiquos  lU'e  dielectric  i.sol  at  ion  of  all  active 
devices  and  the  use  of  thiti  film  resistors.  The  UDIC  is  a  format  7U 
chip . 

I'DN  CTJ  ON  AL  DK.SCH  iPT  L  ON 

Since  the  scliomatic  of  the  UUIC,  shown  in  Figure  1,  is  sje.iiuctrical , 
the  following  discussion  will  bo  limited  to  one  side.  Darlington- 
connected  transistors  in  both  the  pull-up  (U*l-Q2)  and  pull-down  (Ol-ilLi) 
ai’o  used  to  insure  proper  operatio!:  after  exposui’o  to  severe  neuLron 
environments.  Wlicn  Q3  ana  Qh  are  "on,"  tlieir  r>cliottK.v-cla'::ped 
colleetors  hold  Q1  and  Qi’  "off.”  Witli  on  input  less  than  three  diedo 
drops  on  any  of  the  diodes  Ci\7  tlirough  ChiO,  Q3  and  Ql  will  bo  "off" 
and  and  QJ  will  be  "on"  iJ'  output  curre.  t  is  required.  Transistor 
(^1  with  tlic  addition  of  an  ext.ernal  caj>aoiior  provides  a  moans  of  ac 
pulse  triggering  to  turn  off  the  Q3  and  Qh  pull-down  combination. 

The  use  of  nonsaturating  logic  minimises  both  absolute  I'ropagatiou 
dela>"  and  propagation  delay  voi-iation  with  radiation.  The  use  of  the 
Bchottky-clampod  transistors  aciiieves  this  nonsaturating  logic  with  a 
minimum  number  of  diode  voltage  di’ops  and,  hence,  minimizes  the  i  qiply 

“This  work  was  su]'ported  by  the  U.  3.  Atomic  Knorg.v  Commissioii. 


209 


voltage  rcquireiiiciits  for  a  given  poatradiation  transistor  bct.a,  'J'iie 
electrical  design  i.;  such  that  the  powci  dissipation  in  all  functional 
hook’JX'D  is  cciupatible  with  tJic  use  of  tlic  circuit  as  on  unpacKoged  hcuiu- 
Icadcd  device.  T^tIcoI  electrical  chai-arteristics  for  vai'ious  hookups 
arc  given  in  Tabic  1. 

As  shown  in  Figui’e  2,  the  L'DIC  is  caiiablo  of  forming  dual  four- 
input  Nojid  Gatos  witn  expandable  input  option.  The  conventional 
operation  of  a  gate  where  tlie  ini'ut  vax’lablea  appeal"  on  diodes  CK7 
tlirough  CRiO  and  the  output  is  talicn  off  tlio  collector  of  Q3  is 
straightforward  ojid  will  not  be  considered  here.  As  required  by  the 
gate  function,  diodes  CHj  and  CIO  ai*c  basc-ciuitter  diodes  since  their 
liigh  capacitance  Ir  I'equii'cd  to  quickly  remove  tlic  stored  chui'ge 
during  tliG  ti:rn-off  of  tlio  pull-down.  The  fan-in  diodes  CliJ  tln’ough 
ClilO  arc  eoll.ee tor- huso  type,  since  the  liigher  breakdown  voltage  is 
required  witli  tJie  gate  input  in  the  logical  one  state.  The  uncommitted 
base  forcing  resistors  luo  intended  to  minimise  power  if  only  one  gate 
is  required. 


A  I’reo-lkin  Ikiltivibrator  (liHMV)  can  be  formed  with  the  UDIC  and 
two  external  tiniing  capacitors,  as  sliown  in  Figure  3.  The  circuit 
operation  is  conventional  in  that  one  capacitor  is  being  recharged 
hy  tlic  active  pull-up  wliilc  the  other  capacitor  is  timing  into  the 
base  of  the  opposite  pull-down.  T)io  diode  CR3  in  series  with  the  base 
of  the  pull-down  prevents  base  emitter  breakdown  in  cither  or 
and,  more  Importantly,  it  prevents  the  base-emitter  byj'ass  resistors 
from  influencing  the  timing  equation.  A  Schottky  diode  CIU  is  inserted 
ill  scries  with  the  ai'i.ive  pu.Ll-u}>  in  order  to  jasuove  i.iniing  equation 
dependence  on  the  logical  r.ero-vol tage  level  wliich  would  otl.ej-wisc 
exist.  The  half  period  timing  equation  is  giv..>n  by 

T  =  K,C,.tn2. 

,5 

Figure  siiows  the  UDIC  version  of  a  Giugle-ilhot  Multivibrator 
{;3GM\').  This  function  requires  the  addition  of  an  external  trigger 
cai'acitor  and  an  external  timing  caiiueitor.  Wiion  iiower  is  apjlicd 
to  the  circuit,  Q3  and  Qb  will  be  turned  "on"_due  to  the  difference  in 
base-eitii1ter_  voltagt'  drops  between  the  Q  and  Q  side.  In  the  quiescent 
state,  the  Q  side  is  hold  off  by  the  cross-coupled  CHll  diode.  During 
tlie  static  state  the  Cn-  timing  capacitor  -will  be  ciiiugod  by  the  Q 
active  pull-up.  Prior  to  the  initiation  of  t)ie  Gingle-Siiot ,  a  j'ositive 
going  pulse  On  tlie  trigger  line  will  have  cliar,  ed  the  input  cajvici- 
tor  hy  way  of  the  K  13  patli  into  tiic  Q  side.  The  oingle-Ghot  will 
trigger  on  the  falling  edge  of  tlu'  trigger  j'ulse,  at  which  time  the 
votlage  On  will  couple  through  Ofi  introducing  a  nogativo  voltage 
transient  on  the  base  of  Q3  uj,d  Q^t .  This  negative  base  voltage  causes 
the  Q  side  to  _^urn  off,  thus  releasing  the  cross-coupled  diode  Clill 
which  enables  Q  to  turn  on.  This  dynamic  state  exists  until  the  timing 
capacitor  Ci|,  has  timed  out  by  reaching  the  base  cut-in  tliroshold  of 
Q  side.  Wlion  this  occurs,  the  GGMV  I’etui'iio  to  the  static  state  and 
is  i-echai-ged.  The  timing  equation  fur  the  UDIC  Gingle-Gliot  is  the 
same  as  previously  given  for  the  Fi’oo-l\Un  Multivibrator.  The 
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I'cGisLor  H  iu  iicccaaary  to  .llmlL  the  ciu'i-cnt  J'ron.  the  trigger 
soui’Ce,  vhlcli  must  be  sunk  by  Q3-  Hcslstor  li  j  li  limits  tlic  cui'i'oiiL 
vlilcii  must  be  aujik  by  Q3.  HcsiatoJ  l*t  limits  the  current  whicli  must 
be  sunk  by  the  trigger  soarce  after  trigger  un'llcatioji. 

The  Tulse  Triggered  ;Unai’y  (l“i'li)  function  oJ‘  tlie  UblC  is  shown 
in  kgj  run  'j,  ilirccL  Cut  (f>g)  or  biivcL  Cieai'  (Cd)  can  be  obtained 
by  aj'plylng  a  logicnj  zero  to  tlxc  fan-in  (ilijdes  on  either  side.  The 
two  sides  of  tlic  krU  are  do  cross-coup] ed  sucli  tiiat  one  or  tlie  other  is 
on.  Tile  information  oji  the  Get  and  on  the  C]cej'  (C)  steering 
linos  must  be  coiuj'leuients  of  one  another.  For  tlie  purpose  of  exidana- 
tion  Wo  shall  assume  that  the  ti  side  and  G  line  are  at  a  logical  zero. 
To  ch/nigc  states,  a  I'osiiive  clock  j'ulse  must  be  applied  to  charge 
by  Way'  of  K  13  and  the  iogieu]  zei'o  on  G.  I’he  trailing  edge  of  the 
clock  pulse  will  trigger  tlic  TTli  exactly  as  has  been  described  for  the 
Gt'MV .  lint  this  time  the  transition  is  into  a  stabJe  state,  due  to 
the  dc  cross  coupling,  instead  of  a  dynamic  one  as  in  the  case  of  the 
Ginglo-Ghot . 

A  pliotograj'h  of  a  prototype  UDIC  chip  is  shown  in  Figure  C. 

TKCIUiOLOGlFG 


The  GPIC,  presently  under  dc/elopment ,  utilises  six  technologies : 
(l)  radiation  tolerant  diffusion  processes,  (.'?)  diele'ctric  isolation, 
(3)  silicon  clu'ome  thin  Him  i-esistors,  (h)  beam-lead  construction , 

(h)  ocliotl.ky  transistors,  and  (6)  MJJOG  capacitors.  Q'o  our  knowledge, 
the  UIUC  is  the  I'irst  itilAigrati'd  circuit  to  comliiiie  all  the  above 
technologies .  All  active  devices  in  the  UDIC  ai’c  individual!,/  isolated 
to  minimize  I'erturbatlon  and  t.o  t'ltminatc  burnout  caused  by  e'xposure  to 
a  high  intensity  gisuma  euvironmont.  On  each  chip  oi'c  located  two 
dia^tuostio  transistors  (Qll,  QID)  to  be  used  foi-  pi  e- irrad iation 
screening  of  the  UDJC. 


DATA 


At  this  writing  a  }ire>l..ii  iiifu’y  evaluation  of  the  UDlC's  response  to 
neutron  radiation  has  been  cosipletod.  Figure  7  is  a  plot  of  hj.'j.j  vs. 
neutron  I’lux  foi'  the  diagnostic  transistors.  Figures  0  and  9  present 
a  tyi'ical  response  of  the  gati-  circuit  us  a  whole  to  neutron  flux.  In 
generating  the  data  for  Figure  9,  a  value  of  0.5  volt.s  for  maximiuii  "on'' 
voltage  Was  arbitrarily  selected  io  define  circuit  failuic.  iiy 
ti'aling  noise  iiiwiunity,  this  value  could  bo  increased  yielding  tui  even 
liigliei'  radiation  tolerance. 

A  more  oxliaustive  evaluatioii  of  the  UDIC  is  under  way.  Data  from 
tills  evaluation  showing  the  behavior  of  the  UlUC  in  vm-ioiis  functioii 
eonfigurat j ons  under  radiation  will  be  i'r«‘Sentod  at  the  conference. 
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Qiararterist  It'  (ifiOrfl*  oU>civige  PtaleO: 
rrciiuiiatieii  Coitditioiui»  ■  8v ,  •* 

Tyi  icaj 
Value 

GencJtU  Klc'  irloal  'Jtaructci  iatit-S  foi  tin*  DDIC 

Outj  ul  lli^i  Volto^e 

7.0 

Outj'Ut  Imw  VullB^c 

. 

Tower  PIbeII'hI.qii 

Tuni-Off  I'Topagat  ioii  l>alQ,y 

10 
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RADIATION  TOLERANT  GATED  VIDEO  AMPLIEIER* 


R.  M.  Gray  and  T.  D.  Petty 
Sandia  Laboratories,  Albuquerque,  Nev  Mexico 


ABSTRACT 

The  circuit  described  is  a  radiation  tolermit,  gated,  differen¬ 
tial  video  amplifier.  The  amplifier  is  an  all  PNP  design  realized 
in  monolit}iic  integrated  circuit  form,  featuring  dielectric  isolation, 
thin  film  resistors,  and  gold  beam  leads. 

INTRODUCTION 

This  paper  describes  a  video  amplifier,  designated  the  SA1956, 
which  is  designed  to  give  reliable  performance  after  an  exposure  to 
a  severe  neutron  and  gamma  environment.  The  SA1958  is  versatile  in 
that  it  is  a  differential  amplifier  capable  of  cascade  limiting  and 
of  being  gated  by  current  sinking  logic. 

In  addition  to  describing  the  ajuplifier  ,  this  paper  discusses 
the  transient  neutron  and  gamma  hardening  employed  in  the  design. 
Conventional  radiation  hardening  processes  of  dielectj'ic  isolation 
and  thin  film  resistors  are  utilized.  Data  ai'e  presented  to  demon¬ 
strate  the  amplifier  performance  after  neutron  irradiation  and  over 
temperature.  To  the  knowledge  of  the  authors,  the  SA1958  represents 
the  first  radiation  tolerant  linear  integrated  circuit  to  be  realized 
with  gold  beau  leads. 


SYSTEM  REQUlKtTlENTS 

The  system  requirement  was  foi’  tlrree  separate  circuit  fu 
(l)  a  differential  input-output  video  amplifier,  (2)  a  hard  limiter, 
and  (3)  a  gated  amplifier.  In  addition  to  operating  over  the  full 
military  temperature  rai^ge,  the  circuit  functions  were  required  to 
operate  shortly  after  an  exiiosure  to  a  severe  radiation  environment. 
All  integrated  circuits  in  the  system  were  required  to  be  gold  beam 
leaded  due  to  package  density  I'equireraents  and  improvement  in  reliable 
component  attaclunent  within  the  hybrid  microcircuit .  Because  of  the 
inherent  characteristics  of  the  differential  paix-  configuration,  it 
was  feasible  to  design  a  single  aiuplifier,  the  SAI958,  to  perform  all 
three  circuit  func:tions  required  by  the  system. 

*This  work  was  supported  by  the  U.  S.  Atomic  Energy  Commission. 
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CIRCUIT  DRUCiUPTlON 


To  operate  the  circuit  as  an  aniplificr,  the  terminal  pins  arc 
connected  as  sliovrn  by  the  dashed  lines  in  the  amplifier  sehounatic  in 
Figure  1.  The  differential  input  stage  consists  of  matched  Darlington 
connected  pairs  (Q5-Q6)  and  (Q7-Q0).  The  maximum  gain  of  the  tjnplifior 
is  ideally  determined  by  tlio  ratio  of  the  load  resistor  K2  to  the 
effective  emitter  resistor,  wldch  is  R12  +  2r^.(5.  Wlicn  oji  exposure  to 
a  neutron  environment  results  in  severe  beta  degradation,  the  Darling¬ 
ton  input  connection  is  necessary  to  (l)  maintain  an  adequate  input 
impedance  suitable  for  cascade  operation,  (2)  minimize  tlie  degradation 
of  aiapllficr  voltage  gain,  and  (3)  decrease  the  effect  of  reduced 
current  gain  on  the  limit  level. 

Kraitter  followers  consisting  of  the  pairs  (c^-Q2)  and  (Q3-Q^)  ai'e 
used  to  buffer  the  outj'ut  in  order  to  enable  the  amplifier  to  drive 
its  worst  case  cascaded  input  Diipedanee.  Again  the  Darlington  connec¬ 
tion  is  required  to  insure  a  low  output  Dnpcdance  and  to  keep>  load 
variation  from  influencing  the  gain  of  the  amplifier. 

Current  used  to  bins  the  output  stage  is  summed  by  ElO  and  R15 
and  reused  to  provide  bias  for  a  stable  voltage  source  consisting  of 
a  zero  TC  reference  diode  CKl6  and  resistors  R25  and  1\26.  The  system 
requirement  for  a  IDiiitci'  necessitated  a  constant  current  source 
design  w)iich  was  independent  of  power  supply  voltage.  Tlie  values  of 
R25  and  R26  arc  such  that  tlie  effect  of  the  Dai'lington  base  current 
required  by  Qll  and  Q12  is  negligible  preradiation  to  postradiation. 
Base  emitter  diodes  CR19  and  Cf(20  are  Intended  to  track  the  base- 
emitter  drops  of  Qll  and  Q.12  over  all  environments.  Tliercfore,  the 
portion  of  the  reference  diode  voltage  whioli  appears  across  R25  by 
voltage  divider  action  will  also  appear  across  R21  and  set  the  emitter 
current  of  the  Q11-Q12  Darlington  pair.  This  emitter  current  is 
approximately  equal  to  tlie  collector  current,  which  is  the  bias 
current  for  the  aiaplifier. 

A  voltage  sensitive  current  switch  (Q9-Q10)  appeal’s  in  series 
between  the  constant  cui'rent  source  and  the  amplifier.  If  the  gate 
diode  CR15  is  at  the  logical  zero  level,  then  the  current  of  t.he 
constant  current  source  is  switched  from  the  amplifier  through  CR15 
into  an  external  current  t-inking  logic  gate.  Without  bias  current, 
the  amplifier  is  shut  off  and  the  quiescent  output  level  falls  to 
neai’  the  negative  supply  voltage.  Tne  Darlington  configur  liic-n  is 
employed  for  the  ciurent  switch  to  avoid  a  decrease  in  the  bias  cui-rcnt 
of  the  amplifier  after  irradiation.  In  order  to  realize  the  gated 
function,  the  design  seemed  to  favor  an  all  PNP  circuit  in  terms  of 
power  and  simplicity. 

Tile  bA1958  design  is  capable  of  cascaded  limiting  in  that  tlie 
input  fei’iiiinals  of  t,lie  amplifier  can  aceex't  and  amplify  the  full  outi'Ut 
of  a  similar  device  without  zero  crossing  distortion  in  the  output 
waveform.  In  tlie  limiter  application,  the  constant  current  is  switched 
between  the  input  pairs  (Q5-Q6)  and  (Q7-Q8)  by  the  inpi't  signal.  The 
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design  is  such  tliut  with  a  differential  input  signal  equal  to  the 
fliaximum  output  swing  the  amplifier  docs  not  saturate  and  thus 
results  in  a  good  higti  frequency  limiter. 

The  electrical  cliar’aetcr Istics  of  the  CA19t6  are  shown  in  Figure 
2.  For  tile  designed  application,  the  amplifiei-  was  ac  coupled  at 
both  its  injjut  ajjd  output  terminals.  ITie  upper  frequency  response 
can  be  controlled  by  placing  a  capacitor  between  tlie  collectors  of 
Q6  and  Q7.  IV  controlling  the  high  frequency  response  at  the  load 
resistors  (P2  arid  k6),  stable  performance  is  assured  preradiation  to 
pofltradiatioji.  The  low  frequency  response,  determined  by  the  input 
coupling  capacitors  and  the  input  iwpcdunco  (Zjjj),  will  vary  under 
radiation  conditions  since  Zpjj  changes.  With  the  gain  select  termi¬ 
nals  Oi'cn,  the  amplifier  has  a  voltage  gain  of  10  dB;  with  the 
terminals  shorted  it  has  a  gain  of  20  dB.  Any  gain  between  10  dB 
and  20  dB  can  be  obtained  by  connecting  the  appropriate  resistor 
between  these  two  pins. 

By  applying  a  digital  waveform  to  the  gate  of  t)ie  amplifier 
hookup  shown  in  Figure  1,  an  input  waveform  can  he  sampled.  More 
complex  gated  functions  can  easily  be  formed  witli  the  SAi956  since 
the  bias  and  load  terminals  both  are  left  uncommitted.  For  example, 
with  the  interconnects  shown  in  Figure  3  two  or  more  input  channels 
can  ho  multiplexed  together. 

Ttie  extensive  use  of  Darlington  pairs  along  with  the  inherent 
nature  of  the  differential  amplifier  configuration  insure  operation 
after  exposure  to  a  neutron  environment  where  the  individual  tran¬ 
sistor  current  gain,  beta,  has  degraded  tc  five,  recovery'  from  gamiaa 
transient  generated  piiotocurrents  is  aided  by  the  use  of  co-  pensation 
diodes  shown  by  the  dark  heavy  lines  in  Figiu’e  1.  Ideally,  all  the 
photocurrent  generated  in  the  collector  base  junction  of  each  respec¬ 
tive  transistor  would  equal  the  pihotocurrent  generated  in  the 
compensating  diode.  This  compensation  toolinique  prevents  excess 
current  from  flowing  into  tlio  base  terminal  which  when  multiplied  by 
beta  could  cause  device  sutm’ation. 

INTEGUATED  CIRCUIT  TKCIlROLOGf 

For  any  integrated  circuit  that  is  to  withstand  severe  gamma 
radiation,  the  use  of  the  dielectric  isolation  process  is  required.  In 
the  SAI958,  dielectric  isol^itlon  of  all  active  devices  is  utilized  to 
eliminate  the  possibility  of  pnctocurrent  induced  latch-up  or  burnout 
which  might  otlierwise  result  if  jiniction  isolation  wore  employed.  Due 
to  photocurrent  generation  in  diffused  resistors,  tlie  S41958  utilizes 
nicliroinc  thin  film  resistors  in  those  positions  wliere  current  limiting 
is  necessary  to  prevent  device  burnout  diri’ing  a  trajisient  gamma 
exposure. 

In  addition  to  the  hardeninc  whicli  is  app-rrent  on  tlic  schematic, 
the  neutron  tolerance  is  greatly  inoreuced  by  using  a  thin  base 
transistor  geometry.  The  amplifier  per.'ormance  variation  is  minimized 
from  preradiation  to  postradiation  conditions  by  gold  doping  the 
transistors . 
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The  development  of  the  SA19i>8  circuit  demonstrated  that  dielectric 
isolation,  gold  doped  PNP  transistors,  passivated  thin  film  resistors, 
and  gold  beorn  leads  can  be  used  simultaneously  to  produce  radiation 
tolerant  amplifiers  foi-  li^'brid  circuits. 

CIRCUIT  PERFCRMANCE 

The  circuit  parameters,  input  impedance  and  voltage  gain  demon¬ 
strate  the  post radiation  performance  of  the  SA195B.  Expressions  which 
describe  these  parameters  as  a  function  of  6  ore  given  by  equations  (l) 
and  ( 2 ) . 


where  6^^  =  the  Darlington  effective  current  gain  and 

?kT 

r  „  =  2r  ^  ,  the  Darlington  effective  small  signal  emitter 

resistance. 

As  shown  in  the  above  expressions,  Zif)  and  Ay  decrease  directly 
as  a  iunction  of  3  degradation.  Measured  data  for  Zpig  and  Ay  as  a 
function  of  neutron  exposure  ore  shown  in  Figirres  1*  and  5*  These  Ay 
data  represent  the  worst  case  degradation  since  Rg,  the  source 
resistance,  was  at  the  maximum  expected  value.  Tlie  lax'gest  source 
resistance  occurs  when  the  amplifiers  are  cascaded.  Rg  is  tlien  the 
output  impedance  of  the  preceding  stage  which  increases  as  a  function 
of  radiation. 

In  the  specified  operating  temperature  range,  the  circuit 
performs  well  within  the  ±1  dB  voltage  gain  tolerance.  These  results 
arc  depicted  for  a  typical  device  in  Figure  6.  Ay  decreases  with 
increasing  temperature  primarily  because  of  the  temperature  dependence 
of  r^p).  Since  the  amplifier  which  generated  these  curves  was  operated 
in  the  20  dB  gain  mode,  the  curves  represent  the  maximum  teraperatui'e 
Sensitivity  of  the  voltage  gain.  Wlien  the  amplifier  is  operated  in 
tlie  10  dB  gain  mode,  the  larger  resistor  in  scries  with  reduces 
the  overall  temperature  sensitivity. 
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CliARACl'ERlBTIC 
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TYP. 


MA.X. 


Amplifier  Voltage  and  -) 

Max.  Input  Voltage  (Different lai. ) 

Output  Voltage  Swing  (Differential) 
(R^  =  2k) 


6 

6 


11 


Voltage  Gain  (Differential) 
Voltage  Gain  Variation  with  Temp. 
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±1 
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Input  Impedance 

Output  Impedance 

Input  Voltage  (C^iescent) 

Output  Voltage  (Quiescent) 
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dB 
dB 
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k.  Ohms 
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mW 
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ns 
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(Gate  to  Output ) 
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Common  Mode  Rejection  Ratio 
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25 
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3 


ma 


*  Postrodiation  Parameters 

Figure  2.  Electrical  Characteristics 
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RADIATION  RKS I STANCE  OF  COS/MOS 
CIRCUITS  MADE  WITH  Al203:Si02  GATE  DIELECTRICS* 

R.  Fcryezka  and  1.  H.  Kalish 
RCA  -  SSTC  -  Somerville,  N.  J. 


COS/MOS  Logic  Circuitry  with  its  low  power  requlrc-nent q , 
high  noise  Imraunity  and  high  reliability  is  of  special 
Interest  In  satellite  electronics.  This  is  even  more 
true  if  COS/MOS  circuitry  can  be  made  immune  to  extremely 
hostile  radiation  environments. 

A  major  effort  at  RCA  was  devoted  to  obtain  this  goal  (1) 
(2)  (3)  (4)  (5)  (6) ,  Standard  COS/MOS  devices  under  lOV 
bias  irradiation  tests  show  degradation  at  doses  approxi¬ 
mating  10^  rads  (Si) (3).  The  observed  ehift  in  threshold 
voltage  and  degradation  of  device  characteristics  is  the 
result  of  two  effects:  (a)  the  build-up  of  a  positive 
space  charge  in  the  oxide  due  to  capture  of  holes  in  pre¬ 
existing  traps  in  oxide  near  the  oxide-silicon  interface, 
and  (b)  the  filling  of  interface  states  that  were  generated 
by  the  impinging  radiation  (5).  But  with  the  RCA  developed 
technique  for  achieving  a  high  quality  oxide-silicon  inter¬ 
face  for  the  COS/MOS  process,  effect  (a)  dominates.  To 
prevent  the  build-up  of  states  at  silicon-oxide  interface, 
a  modification  of  the  oxide  layer  is  required.  The 
following  approaches  were  investigated  to  obtain  improved 
radiation  resistance: 


a)  Doping  the  SIO2  layer  with  chromium  (7) 

b)  Replacing  the  Si02  layer  with  Si3N4  (6) 

c)  U.sing  a  composite  gate  structure 

P2O5  (SiO?.)  -  Si02  (t>) 

d)  Replacing  the  Si02  layer  with  AI2O3  (6)  (8) 


The  first  approach  is  not  applicable  for 
COS/HOS  devices  since  irradiation  with 
positive  bias  causes  large  threshold  shifts 

Si3N4  directly  on  silicon  sufiers  from 
severe  Interface  instability  problems  (6) (6) 
and  as  of  today  these  devices  are  not  useful. 

^2^5  (Si02)-Si02  layers  are  used  to  reduce  bias 
temperature  instabilities  but  their  radiation 
hardness  is  rather  low  e.g.  at  4  x  10^  rads  (Si) 
and  ±10V  bias  the  threshold  shift  is  -2V  ^6) 

*Work  performed  in  part  under  the  sponsorship  of  the 
NASA  M.S.F.C.  (NAS8-263U) 
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An  all  AI0O3  gate  dielectric  shows  the  highest  degree  of 
hardness  to  Ionizing  radiation  potentially  reaching  into 
several  megarad  range  (8) .  But  to  achieve  reproducibility 
in  megarad  hardness,  several  problem  areas  have  to  be 
considered . 

Included  arc: 

a)  Soft  source-drain  breakdown  and  source-drain 
leakage . 

b)  Gate-leakage 


V/erk  in  these  areas  has  been  very  encouraging,  but 

an  interim  solution  a  sandwich  structure  SiC2-Al203  was 
investigated.  Radiation-resistant  COS/MOS  devices 
operating  in  an  environment  having  a  gamma  exposure  of 
lO'*’  rads  (Si)  with  a  bias  of  liOV  were  accomplished. 
This  investigation  of  Si02-Al203  sandwich  dielectrics 
was  pursued  with: 


Phase  One:  AI2O3  -  SiOo  ~  Si  studios. 

A  technique  for  growing  reproducible,  thin^slllcon 
silicon  dioxide  layers  in  the  range  of  150A  to 
500A  was  investigated  using  the  C-V  tedijiiqiie , 
the  optimized  structure  was  developed  and  tested. 

Phase  Two:  CD-4007  Device  Fabrication  and  Testing 

Based  on  the  results  of  the  first  phase,  the 
optimized  gate  sandwich  structure  was  selected 
and  CD-4007  devices  were  fabricated  and  computer 
tested.  Immediately  after  irradiation  the  devices 
were  again  computer  tested  and  the  test  results 
were  analyzed. 


Si  -  SIOm  “  AI2O3  Capacitors 


Oxides  were  grown  and  annealed  under  standard  RCA  conditions 
but  with  growth  times  reduced.  The  thickness  ol  the  thin 
Si02  layers  was  measured  by  ellipsometry .  The  average  Si02 
thickness  was  170,  310  and  490A  respectively  with  an 
accuracy  ilOA,  The  wafers  were  each  etched  immediately 
before  AI2O3  deposition.  Aluminum  oxide  layers  were 
obtained  by  hydrolysis  of  aluminum  chloride  (AICI3). 

Aluminum  was  used  for  metallzation  of  the  capacitors. 
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The  C-V  curves  were  recorded  before  and  iir;mpdiately  after 
each  irradiation  dose.  Selected  samples  wex-e  biased  for 
times  equal  to  irradiation  time,  but  without  exposure  to 
irradiation.  This  was  performed  to  confirm  that  the  shifts 
in  the  C-V  curves  were  due  to  irradiation.  Radiation 
testing  was  performed  at  the  Cobalt  60  facilities  of  the 
Industrial  Reactor  Laboratories  in  Plainsboro,  New  Jersej'. 
The  dose  rate  at  the  site  of  the  devices  was  measured  with 
calibrated  air  ionization  chambers.  The  time  of  exposure 
of  the  devices  was  monitored  and  the  accumulated  dose  was 
calculated  by  using  the  known  dose  rate.  The  flat  baud 
voltage  of  the  MIS  capacitors  obtained  from  the  C-V  plot 
was  in  good  agreement  with  the  calculated  value  (11) . 

Table  I  shows  test  results. 

Based  on  these  results,  gate  structures  of  samples  32  and 
35,  17oA  or  310A  of  S102  and  450A  of  AI2O3  constituted  the 
basis  for  the  device  fabrication  investigations  of  phase- 
two. 

The  RCA  CD4007  was  selected  as  a  radiation-hardening  test 
vehicle.  This  integrated  circuit  is  composed  of  three 
n-channel  and  three  p-channel  enhancement- type  MOS  tran¬ 
sistors  on  a  single  monolithic  chip.  The  transistor 
elements  are  accessible  through  the  package  terminals, 
providing  a  convenient  means  to  construct  such  logic 
circuits  as  inverters,  three-input  NOR  gate,  three-inpul 
NAND  gate,  etc.  This  broad  range  of  applications,  and 
availability  of  multiple  independent  pairs  of  transistors, 
which  enable  simultaneous  irradiations  under  different 
biases  (e.g.,  O  volts  and  10  volts  for  n-channel  and  -10 
volts  and  0  volts  for  p-channel),  were  the  main  reasons 
for  its  selection  as  the  test  vehicle.  Figure  1  Is  a 
schematic  diagram  of  the  CD4007.  Figure  2  shows  a  topo¬ 
logical  view  of  a  completed  CD4007  integrated  circuit. 

The  gate  structure  composed  of  170fl  of  SIO2  ant?  500A  of 
AI2O3  showed  no  reasonable  yield  in  meeting  the  CD4007 
specification  and  it  was  discarded.  Two  lots  and  #7 
having  31 oA  of  Si02  on  500A  of  AI2O3  were  processed  and 
irradiation  tested.  The  initial  n-channel  Vtn  was  +  1.1 
to  +  1,6V  and  p-channel  threshold  V'pp  was  -.8  to  -1.25V. 

All  devices  met  standard  product  specification  require¬ 
ments  for  leakage  and  breakdown. 
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Table  II  summarizes  the  effectiveness  of  the  AI2O3/SIO2 
dielectric  structure  in  enhancing  the  radiation  resistance 
of  COS/MOS  devices.  As  anticipated,  the  smallest  shifts 
occurred  under  zero  bias  and  the  greatest  shifts  occurred 
under  the  highest  bias.  All  shifts  on  the  p-channel  unit 
were  in  the  enhancement  (turn-off)  direction.  The 
n-channel  units  moved  in  the  depletion  (turn-on)  direction 
at  zero  and  ten  volts  but  shifted  in  the  enhancement 
direction  at  five  volts.  The  data  represent  an  improve¬ 
ment  in  the  radiation  tolerance  ofCOS/MOS  devices  of  almost 
two  orders  of  magnitude. 
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TABLE  II 


I 


— - - — — - 

Dose  (Rads  (SI) 

^'hreshold  ToltageTEirnp - - 

Bias  (volts) 

5  X  10^ 
(V) 

1  X  10^ 

(V) 

2  X  10^ 

(V) 

N-Type  Channel 

0 

0 

(-.1)  (-.2) 

- -  ■'  - 

(•*  .1) 

+5 

+  .1 

+  .15 

+  .25 

+  10 

(-.13) 

(-.15)-(-.5) 

(-.3) 

P-Typc  Channel 

0 

(-.25) 

- - — 

(-.50) 

(-.7) 

-5 

(-.40) 

(-.75) 

(-1.35) 

-10 

(-.35) 

(-.65) 

(-1.30) 

1 

SUMMARY  OF  TEST  RESULTS 
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LOW  FREQUENCY  NOISE  CHARACTERISTICS  OF  GaAs  JFETs 
FOR  CRYOGENIC  OPERATION 

M.  B.  ColllRan 

McDonnell  Dou(rlaB  Astronautics  Company 
Huntington  Beach,  California 


ABSTRACT 

Gallium  arsenide  .lunctlon  FETs  were  developed  for  use  in  lov  noise 
audio  frequency  preamplifier  circuits  at  cryogenic  temperatures.  The 
effects  of  variations  in  geometry,  processing  techniques  and  material 
parameters  were  Investigated  to  reduce  low  frequency  noise  and  maintain 
high  Input  impedance. 

INTRODUCTION 

This  paper  describes  the  design  and  performance  of  GaAs  JFETs  which 
were  developed  for  use  as  low  noise  audio  frequency  preamplifiers  at 
reduced  temperatures.  The  GoAs  JFET  is  well  suited  for  this  application 
because,  first,  the  JFET  has  inherently  low  noise,  limited  basically  by 
the  thermal  noise  of  the  conducting  channel.  Second,  GaAr.  devices 
perform  well  at  temperatures  down  to  that  of  liquid  helium  'because  of 
the  low  ionization  energies  of  commonly  used  n'-ty}je  impurities.  The 
input  resistance,  while  generally  not  as  large  as  an  insulated  gate 
device,  will  he  high  enough  for  most  applications. 

DESIGN  CONSIDERATIONC. 

The  design  criteric.  in  this  application  are  primarily  determined  by 
the  limit  on  power  dissipation,  nominally  one  milliwatt,  and  the  neces¬ 
sity  of  keepiru;  tne  preamplifier  input  capacitance  sufficiently  small. 
The  devices  arc  decigned  for  use  in  a  scarce  follower  configuration  to 
take  advantage  of  impedance  transformation  and  the  reduction  in  Input 


233 


capacltwice.  The  input  capacitance  la  Riven  by 


(1) 


-In 


+  C 


R8 


(1-G  )  +  C  ^ 

V  otray 


vhere  C  ,  and  C  are  the  gate-drain  and  gate-aource  capacity  ".ces  and  0 
is  the  circuit  voltage  gain.  A  convenient  figure  of  merit  In  high 
impedance  circuitry  is  the  prcduet  of  the  equivalent  input  noise  voltage, 
e^,  and  the  input  capacitance.  The  gate-aource  capacitance  ia  given  by 
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vhere  L  and  W  are  the  gate  length  and  width,  a  Is  the  channel  height 

and  V  Is  the  pinch-off  potential.  The  function  F(V  ,  V  )  is  approxl- 
o  ffs  o 

mately  0.2  to  0.1*  in  the  biaa  range  of  interest.  A  value  of  0.3  is 
used  for  ease  in  calculation,  and  it  is  assumed  that  is  approxi¬ 
mately  a  constant  determined  by  packaging.  With  C  proportional  to 

2  2  3*^® 

area  and  e^  inversely  proportional  to  area  *  ,  the  product  has  a 

broad  minimum  with  res.iect  to  C  .  Taking  into  account  material 

gs 

properties,  the  restrietlona  on  power  and  area  lead  to  acceptable  ranges 

of  device  gw.setry,  maximum  current  and  pinch-off  voltage  resulting  In 

dt'.’i.'ic."  with  rather  small  ehanuel  width  to  length  ratios,  caicuiatlons 

v«re  made  for  s  nominal  circuit  voltage  gain  of  0.9.  Typical  values  ore 

a  trensoonductancc  of  500  umhos,  operating  current  of  300  pA,  C  of  3 

gs 

to  5  py  and  gate  width  to  length  ratios  of  2  to  5.  Figure  1  shows  the 
surface  configuration  of  one  of  these  devices, 

DEVICE  FABRICATION 


The  devices  wore  fabricated  from  vapor  epitaxy  material  of  1  um 
nominal  thickness  on  compensated  chromium  doped  semi-insulatlng  sub¬ 
strates.  Carrier  concentrations  are  in  the  range  of  1  to  6  x  lO^^/cm^. 
The  gate  is  formed  by  zinc  diffusion  to  a  typical  depth  of  0,5  um.  The 
source  and  drain  metallization  consists  of  alloyed  gold-germs nlum. 

EXPERIMENTAL  RESULTS 


Measurements  were  conducted  to  determine  Input  Impedance  and  to 
isolate  major  physical  sources  of  low  frequency  noise.  A  current- 
voltage  characteristic  at  liquid  helium  temperature  is  shown  in  Figure  2, 
Input  capacitance  of  the  preamplifier  circuit  alone  with  a  voltage  gain 
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of  0,9  is  typically  1.0  pF  or  less  for  test  deviccG  mounted  In  TO-I8 
packages.  Input  resistance  larger  than  1  x  10^^  ohms  has  heen  measured 
for  temperatures  near  that  of  liquid  helium,  the  low  frequencj’'  equiva¬ 
lent  input  noise  voltage  spectra  generally  consist  of  an  approximately 
1/f  region  which  turns  into  a  flat  region  in  the  frequency  range  of  1  to 
10  kHz.  The  flat  region  is  presumed  to  be  the  plateau  of  a  generation- 
recombination  (g-r)  term  of  the  form  conBteu\t/(l  +  u  t  ),  having  a  value 
typically  two  decades  above  the  calculated  thermal  noise  level.  The 

magnitude  of  the  1/f  noise  at  liquid  helium  temperature  has  been 

1/2 

measured  to  be  as  low  as  50  nV/Hz  at  300  Hz.  Figure  3  llluBtrates 
noise  spectra  measured  at  room  temperature  and  at  liquid  nitrogen  and 
liquid  helium  temperatures. 

Measurements  were  carried  out  tc  investigate  the  effects  of  varia¬ 
tions  in  processing  and  material  properties  such  as  surface  etching, 
annealing,  contact  resistance  and  substrate  effects.  Surface  etching 
reduces  noise  if  there  Is  an  initial  significant  surface  leakage  current. 
Excessive  gate  current  which  Increases  noise  and  degrades  input 
impedance  can  also  result  from  diffusion  spresdlng  which  may  be  aided  by 
etching.  A  sia.'or  bomeu  of  low  frequency  noise  is  found  to  be  associated 
with  the  region  near  the  epitaxy-substrate  Interface.  This  is  illus¬ 
trated  in  Figure  U  which  shows  the  effect  of  substrate  to  source  bins  on 
the  noise  magnitude  at  300  Hz  and  10  kHz.  The  g-r  noise  as  well  as  the 
1/f  noise  appears  to  be  associated  with  the  interface/substrate  since 
carrier  fluctuations  within  the  channel  usually  will  not  be  significant 
at  room  temperature.  At  lover  temperatures  there  may  be  a  contribution 
from  partially  ionized  impurity  levels. 

It  is  concluded  from  this  initial  development  program  that  OoAs 
dFETs  are  useful  as  low  noise,  low  frequency  preamplifiers  extending 
down  to  very  low  temperatures,  and  are  competitive  with  other  devices 
used  In  such  applications.  An  additional  feature  of  the  JFET  is  that  it 
is  relatively  resistant  to  radiation.  Further  work  is  concerned  with 
better  characterization  of  noise  sources  in  relation  to  geometry  and 
material  parameters. 
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ri:?ure  1.  Photograph  of  surface  geometry  of  r.aAa  JPET  with  gate  dimerslon# 
of  3.5  X  8  mils. 


Figure  2.  Cun ent-voltage  characterlotlcs  of  GaAe  JFET  at  liquid  helium 
temperature.  Horizontal  scale,  1  v/dlv.;  vertical  scale,  100 
uA/div.;  0.5  v/step. 
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HONOLITHIC  HIGH  POWER  MODULATOR 


R.  N,  Guadagnolo 
RCA/EASD 

8500  Balboa  Blvd. 

Van  Nuys,  California  91409 


ABSTRACT 

The  application  of  silicon  integrated  circuits  to  high 
voltage,  high  current  drivers  for  GaAs  Laser  Diodes  and 
microwave  phase  shifters  has  heeii  investigated.  An 
integrated  circuit  having  dielectrically  isolated  circuits 
capable  of  shaping  and  timing  high  speed  pulses  with  an  80 
volt  swing  and  a  peak  current  of  10  amperes  was  constructed. 
This  paper  summarizes  the  design  and  results  achieved  with 
the  device. 


INTRODUCTION 

The  majority  of  the  modulators  presently  used  for  GaAs 
Laser  Diodes  and  feirlte  phase  shifters  are  either  of  a 
hybrid  or  discrete  type.  Under  direction  of  the  U.S.  Army, 
Electronics  Command,  a  development  program  to  apply  inte¬ 
grated  circuit  technology  in  the  area  of  high  voltage,  high 
current  modulation  was  conducted.  Figure  1  is  a  photograph 
of  the  chip  developed  during  this  program.  The  goals  of 
this  development  effort  and  the  results  obtained  are 
summarized  in  Table  I. 
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TABLE  I 


TA6177  CHARACTERISTICS 

OUTPUT 

CHARACTERISTICS 

OBJECTIVE'- 

ACTUAL 

PERFORMANCE 

Output  Pulse 
Voltage : 

80  volts  maximum 

80-120+  vclts  max, 

Output  Pulse 
Current: 

10  amperes  max. 
(adjustable  from 

3  to  10  amperes) 

10  amperes 
(adjustable  from 
<1  to  10  amperes) 

Output  Pulse  Rise 
and  Fall  Time; 

Less  than  40  nano¬ 
seconds 

40  nanoseconds 
(7  ampere  pulse) 

Duty  Cycle: 

0.02  to  2.0  per¬ 
cent 

0  to  2.0  percent 

Pulse  Width: 

100  nanosecond  to 

1  microsecond 

100  nanosecond  to 

1  microsecond 

Leakage • 

0 . 3  milliampares 

0.3  milld amperes 
max. 

Amplitude : 

Compatible  with 

5  volt  logic 

5  volt  pulse 

ADDITIONAL  FUNCTIONS 

AND  REQUIREMENTS 

Mono stable 

Pulse  Width; 

Externally  adjust¬ 
able  from  100 
nanoseconds  to  2 
microseconds 

Externally  adjust¬ 
able  from  100 
nanoseconds  to  2 
microseconds 

Pulse  Input:  strobe  5  volt  strobe  input 

compatible  with  5 
volt  logic 
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clearly  the  objectives  in  Table  I  call  for  a  monolithic 
design  capable  of  simultaneous  high  speed,  high  voltage, 
and  high  current.  In  addition  to  the  objectives  in  Table  I, 
it  was  determined  that  maintaining  low  power  consumption 
would  be  essential  for  potential  applications.  To  meet  this 
additional  constraint,  all  circuits  should  be  in  the  "off" 
state  until  an  input  pulse  is  received.  The  design  developed 
during  this  program  represents  a  unique,  all  monolithic, 
approach  which  maintains  all  circuits  in  the  normally  "off" 
state  while  meeting  the  performance  goals. 


CIRCUIT  DESIGN 

The  final  circuit  configuration  is  shown  in  Figure  2. 

Though  description  of  the  entire  circuit  is  lengthy,  the 
overall  pulse  response  and  several  unique  circuits  can  be 
highlighted. 

The  circuit  shown  in  Figure  2  responds  to  an  input  pulse 
by  shaping  it  to  fojrm  a  constant  current,  high  resolution 
pulse  output.  The  control  circuits  shown  also  provide 
regulation  of  the  output  current  level  and  isolation  of  the 
output  current  pulse  from  the  power  supply.  To  circumvent  the 
problem  of  processing  high  resolution  pulses  with  low 
performance  lateral  PNP  transistors,  a  unique,  though  more 
complex,  pulse  processing  chain  was  designed.  In  this  approach, 
the  critical  PNP's  are  pulsed  on  before  the  required  output 
signal  is  to  be  generated.  This  allows  the  critical  PNP's  to 
reach  theii'  full  current  level  before  their  current  is  routed 
to  the  load  device. 

Transistor  Q26  in  Figure  2  is  the  critica]  PNP  which 
supplies  the  output  drive  current.  To  obtain  high  resolution 
pulses,  Q26's  current  is  amplified  by  Q28  whose  output  is 
shunted  to  ground  by  Q37.  Q37  continues  to  shunt  this  current 

to  ground  until  the  two  level  detectors  composed  of  Q29,  Q3Q, 
Q17,  Q18,  Q31,  and  Q32  time  out.  When  both  level  detectors 
have  switched,  Q37  is  driven  off  by  Q33  allowing  the  current 
from  Q28  to  drive  Q45  and  Q46. 

Transistors  Q45  and  q46  are  configured  in  a  Distributed 
Darlington  Array.  This  patented  structure  has  been  used 
successfully  in  several  other  high  current  integrated  circuits. 
This  structure  makes  extensive  use  of  interdigitation,  and 
ballasting  to  attain  good  current  distribution.  For  use  in  this 
high  voltage  process,  field  plates,  deep  diffusions,  and  rounded 
corners  were  added  to  assure  the  highest  breakdown  voltage 
possible. 

Another  function  available  on  this  integrated  circuit  is 
a  zero  quiscent  power  consumption  monostabie  exhibiting  high 
speed  rise  and  fall  times.  Transistors  Qll,  Q12,  Ql3  and  Q14 
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mahe  up  this  unique  monostable.  The  modulator  may  be  con¬ 
figured  so  that  either  the  input  pulse  or  the  monostable 
determines  the  output  pulse  width. 

The  remaining  control  circuits  provide  current  regula¬ 
tion  and  isolation  from  the  power  supply.  Transistors  Q44, 
Q43, Q42, 041, Q40  and  Q39  are  configured  as  a  high  current 
differential  amplifier.  With  the  collector  of  Q44  connected 
to  the  base  of  Q45  and  the  base  of  Q44  connected  to  the 
emitter  of  Q46,  wide  band,  closed  loop  control  over  the 
Darlington  Array  collector  current  is  obtained.  Because 
this  wide  band  system  may  be  subject  to  oscillation,  an  alter¬ 
nate  open  loop  regulator  is  provided.  This  configuration  has 
both  the  collector  and  base  of  Q44  connected  to  the  base  of 
Q45.  To  give  this  open  loop  system  the  long  term  stability 
of  the  closed  loop  system,  a  pumped  AGC  network  composed  of 
Q54,Q55,(J56,Q57,Q5C  and  Q59  can  be  used  to  control  the 
Reference  Voltage  input.  Variation  of  the  Reference  Voltage 
to  maintain  constant  voltage  at  the  emitter  of  the  Darlington 
Array  will  maintain  constant  collector  current. 

To  isolate  the  10  ampere  constant  current  output  from 
the  power  supply,  a  line  isolator  is  provided.  This  circuit, 
composed  of  transistors  Q47,Q48  and  Q49,  is  essentially  a 
constant  current  source.  This  circuit  forces  the  Darlington 
Array  to  obtain  its  pulsed  current  from  a  storage  capacitor 
and  allows  the  power  supply  to  supply  essentially  a  constant 
lower  value  recharge  current. 


CIRCUIT  PERFORMANCE 

The  circuit  outlined  above  was  processed  by  using  deep 
pocket  dielectric  isolation  technology.  As  shown  in  Table  I 
all  of  the  significant  objectives  of  the  program  were  obtained. 
The  control  circuit  provided  an  internally  timed  200  milli- 
ampere  pulse  characterized  by  a  35  nanc  second  rise  time  and  a 
10  nanosecond  fall  time.  The  output  stage  e.>'hibited  a  40  nano¬ 
second  rise  and  fall  time  for  a  7  ampere  pulse. 

The  modulator  system  was  configured  with  the  monostable 
determining  the  pulse  width,  the  output  stage  driving  a 
resistive  load,  and  the  regulator  providing  open  loop  current 
control.  Figure  3  is  a  photograph  of  the  output  current  for 
fJve  different  Reference  Voltage  settings,  Tiie  x'esistive  load 
was  then  replaced  by  a  TA  7606  Laser  Diode.  This  particular 
diode  had  a  threshold  of  4  amperes  and  a  peak  forward  current 
of  10  amperes.  Figure  4  shows  the  detected  light  output  for 
two  Reference  Voltage  settings.  Clearly,  Figure  3  indicates 
that  control  over  the  output  current  level  has  been  obtained. 
Figure  4  demonstrates  that  this  current  conv.rol  can  be  trans¬ 
lated  into  control  over  the  transmitted  liolt:  intensity. 
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Scales : 

Vertical  -  10  volts/ 
cm  ( 2  am- 
peres/cm) 

Time  -  100  nanoseconds/ 
cm 

Load  -  5  ohms 
Reference  Voltage 
Settings  16,  14,  12, 

10  and  5  volts 


Figure  3.  Darlington  Array  Output  Current  for 
Varing  Reference  Voltage 


Top  -  Current  -  2 
amperes/cm 

Bottom  -  Light  Output  - 
.005  voits/cm 
Time:-  100  nanoseconds/ 
cm 

Reference  Voltage  - 
16.5  and  14.5  volts 


Figure  4,  Laser  Current  and  Light  Output  for 
varing  Reie.rence  Voltages 
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CONCLUSION 


The  development  program  suinmai  Lzed  in  this  paper  leads 
to  several  significant  conclusions.  First,  the  performance 
obtained  indicates  that  monolithic  technology  can  be  used 
for  modulation  of  Laser  Diode,  microwave  ferrite  phase 
shifters,  and  microwave  diodes,  requiring  high  current,  high 
voltage,  and  high  speed.  Second,  the  modulator  developed  is 
a  compact  unit  which  makes  phase  shifter  arrays  practical 
and  miniature  microwave  or  laser  sources  workable.  Third, 
the  abi]  ity  to  control  the  zunplitude  of  a  high  resolution 
pulse  allows  both  compensation  and  control  of  the  drive 
signal  at.  required  by  a  potential  system. 
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AN  INTEGRATED  S-BAND  SOLID  STATE  FRONT  END 


R-  J.  Grablnskt 
F.  L-  Sachen 

Wcstinghouse  Electric  Corporation 
Baltimore,  Maryland 


ABSTRACT 

The  application  of  microwave  integrated  circuit  technology  to  radar 
receiver  design  has  resulted  in  a  compact,  lightweight  front  end  module. 

The  unit,  measuring  1.0"  x  2.5"  x  4.5",  operates  from  2.3  GHz  to  2.7  GHz 
with  a  5.5  dB  neise  figure  and  28  dB  gain. 

INTRODUCTION 

This  paper  describes  a  microwave  Integrated  circuit  front  end  that 
was  developed  as  part  of  a  modification  program  for  an  S-band  radar.  It 
represents  a  60:1  impvovemeiit  in  aystem  reliability  compared  v)ith  the 
discrete  component  device  that  it  replaces.  The  size  and  weight  have  been 
reduced  by  an  order  of  magnitude.  The  module  features  a  low  overall  noise 
figure  combined  with  the  additional  advantage  of  built-in  receiver  protec¬ 
tion  against  high  power  transmitter  leakage  pulses.  It  consists  of  a  diode 
limiter  followed  by  a  single-pole  double-throw  PIN  diode  switch,  a  20  dB 
directional  coupler,  and  a  low-noise  transisto-^  amplifier.  All  of  the  com¬ 
ponents  are  Integrated  within  a  single  housing  with  the  limiter  forming  an 
integral  part  of  the  overall  package. 

Except  for  the  limiter,  which  is  a  coaxial  device,  microstrip  fabrica¬ 
tion  techniques  are  used  throughout.  Transmission  line  patterns  are  defined 
by  screening  Iiigli  conductivity  thick  film  gold  ink  onto  a  0.025  inch  thick, 
99. 5Z  alumina  substrate.  Bias  resistors  and  transmission  line  terminations 
are  formed  with  resl.stivc  inks  in  a  similar  fashion  and  then  laser  trimmed 
to  within  their  appropriate  tolerance  range.  Other  circuit  components,  such 
as  chip  capacitors  and  semiconductor  devices,  are  attached  to  the  substrate 
either  by  soldering  or  by  welding  with  a  parallel  gap  welder. 
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BLOCK  DIAGRAM  AND  DESIGN  OBJECTIVES 


A  block  diagram  of  the  front  end  showing  Its  Individual  components  Is 
Illustrated  In  Figure  1.  The  module  Is  required  to  work  In  either  of  two 
states  determined  by  the  polarity  of  the  switch  control  voltage:  one  of 
tlscse  is  the  normal  receive  function  and  the  other  is  a  test  mode  that  was 
included  to  permit  receiv<.r  measurements  to  be  conveniently  made  at  Llie  radar 
site.  When  In  the  test  mode,  isolation  between  the  amplifier  and  the 
module's  Input  signal  terminal  is  accomplished  by  the  switch,  which  is  used 
to  terminate  the  main  arm  of  the  coupler,  and  by  applying  bias  to  the 
shunt  mounted  limiter  diodes.  Including  the  contribution  of  the  switch,  a 
total  is'^latlon  of  60  dD  Is  achieved  with  this  scheme. 

Tables  1  and  2  present  a  summary  of  the  principal  design  specifica¬ 
tions  for  the  module  and  its  respective  components.  Throughout  the  design, 
major  emphasis  was  placed  on  achieving  the  best  reproducible  noise  figure 
possible.  As  a  consequence,  losses  in  front  of  the  amplifier  had  co  be 
minimized.  In  addition,  selected  low-noise  transistors  were  specified  for 
the  first  two  amplifier  stages.  The  transistors  chosen  for  this  applica¬ 
tion  exhibit  a  maxinium  noise  figure  of  4.0  dB  at  3.0  GHz.  Final  optimiza¬ 
tion  of  noise  figure  was  accomplished  by  amplifier  input  matching. 

Since  the  device  would  be  produced  in  quantity  for  a  military  applica¬ 
tion,  high  reliability,  low  cost,  reproducibility  and  ease  of  repair  were 
essential  design  objectives. 

The  high  reliability  objective  was  attained  through  the  use  of  fully 
qualified  MIL  parts.  All  semiconductors  were  JAN  TX  rated.  Chip  capacitors 
and  re-slstors  v.'crc  tested  under  the  environmental  e  nditions  required  for 
the  equipment  as  a  whole.  Extensive  environmental  testing  at  all  levels 
of  the  design  helped  eliminate  any  defects. 

The  cost  objective  was  met  by  the  use  of  niicrostrip  fabrication  tech¬ 
niques  and  an  emphasis  on  layout  procedures  that  enabled  ease  of  fabrication 
and  assembly. 

Since  reproducibility  is  directly  related  to  the  quality  of  the  design 
and  fabrication  as  well  as  the  tolerance  control  established,  particular 
attention  was  devoted  to  these  areas.  Extensive  evaluations  were  conducted 
which  cst.ablishcd  standards  for  the  thick  film  fabrication  process.  Rigid 
quality  eonerol  criteria  were  esLablished.  In  addition,  testing  at  all 
levels  of  the  design  allowed  specification  of  the  tolerances  required  to 
yield  a  reproducible  design. 

In  order  to  achieve  the  repatrabi llty  objective,  all  substrates  are 
clamped  in  place  instead  of  using  a  permanent  mounting  method,  thus  allowing 
quick  removal.  Initial  problems  associated  with  substrate  shifting  and  the 
connector-module  interface  were  successfully  solved. 


DESCRIPTION  OF  INDIVIDUAL  COMPONENTS 


A.  Receiver  Protector 

The  llmitor  has  to  protect  against  a  leakagi'  pulse  of  3  KW  peak  power 
with  a  6  us  pulsewldth  and  a  duty  cycle  of  C.002.  The  first  stage  provides 
most  of  the  required  protection  by  using  two  hlgh-po''er  PIN  diodes  mounted 
in  shunt  across  jhe  RF  line.  Wlien  a  high  level  pulse  is  applied  at  the 
input  port,  those  diodes  eventually  bias  on  and  act  to  reflect  the  bulk 
of  the  Incident  energy.  Spike  leakage  occurring  a*,  the  beginn  ng  of  the 
pulse  is  significantly  reduced  by  two  pairs  of  quick-acting  vara,  tor  diodes 
added  behind  the  input  stage. 

All  of  the  diodes  arc  mounted  from  chc  inner  to  the  outer  conductor 
of  a  coaxial  transmission  line,  with  the  outer  conductor  being  the  module 
housing.  This  provides  an  excellent  heat  sinking  capability  and  also  makes 
diode  removal  relatively  easy.  Both  the  spacing  of  the  diodes  and  the 
impedance  of  the  transmission  line  arc  regulated  to  provide  a  good  match. 

Measured  data  for  the  limiter  is  presented  in  Figure  2.  The  entire 
module  v/as  field  tested  to  3.3  KW  with  no  app.nrent  degradation  to  small 
signal  performance. 

B.  SPDT  Switch  and  Directional  Coupler 

Both  of  i;hese  components,  including  biasing  networks  for  the  switch, 
are  fabricated  on  a  single  substrate  that  is  1  inch  long  by  2  inches  wide. 
Low  level  PIN  diodes  are  used  to  provide  the  switching  funetion.  Obtained 
in  a  beam  lead  configuration,  they  arc  attaclicd  to  the  microstrip  circuit 
through  the  application  of  parallel  gap  welding  techniques-  Those  located 
in  tile  signal  arm  of  the  switch  were  chosen  for  their  low  series  reolscance 
and  package,  lead  inductance  in  order  to  minimize  transmission  loss.  Tlie 
directional  coupler  is  a  conventional  raicrostrip  design  employing  a  parallel 
section  of  coupled  line  which  is  a  quarter-wave lengtli  at  tiie  design  center 
frequency. 

Typical  performance  curves  for  the  swltcli-coupler  comblaatl''r.  are 
given  in  Figure  3.  The  units  typically  exhibit  an  insertion  loss  of  less 
than  0.7  dr  across  the  b.ind. 

C.  RF  Amplifier 

A  cascade  arrangemenc  of  five  common  emitter  transistor  stages  is  used 
to  achieve  27  dB  minimum  gain  and  a  typical  noise  figure  of  4,2  dB.  This 
circuit,  with  attendant  biasing  and  matching  networks,  is  contained  on  a 
2  inch  by  2  inch  substrate.  The  transistors  are  housed  in  a  small,  liermeti- 
cally  sealed  scrlpline  package  and  mounted  in  a  hole  through  the  substrate. 
The  first  two  stages  are  biased  for  low-noise  operation  and  tlie  next  two 
for  maximum  power  gain.  Together,  these  four  stages  are  used  to  determine 
amplifier  performance  with  rlic  last  stage  serving  as  a  buffer  to  provide 
load  isolation  and  the  required  output  match. 
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The  first  step  In  the  development  was  an  approximate  Smith  Chart  design 
carried  out  from  data  supplied  by  transistor  two-port  scattering  parameter 
measurements.  Computer-aided  design  techniques  were  then  applied  to  optimize 
the  matching  networks  of  the  resulting  circuit.  A  flat  gain  response  is 
obtained  by  designing  the  matching  structures  ' o  provide  a  low  VSWR  at  the 
highest  operating  frequency,  and  then  roll  off  in  match  at  lower  frequencies 
where  transistor  gain  is  higher.  During  the  design  procedure,  it  was  deter¬ 
mined  that  the  amplifier  is  unconditionally  stable  throughout  its  operating 
band,  but  becomes  unstable  for  frequencies  lying  in  the  UWF  region.  Appro¬ 
priate  circuitry  was,  therefore,  added  to  the  design  to  remedy  the  problem. 

The  modification  produced  stable  transistor  loading  conditions  st  lower 
frequencies,  yet  had  a  negligible  effect  at  S-band.  Slight  changes  to  the 
matching  networks  were  made  during  breadboarding  and  subsequent  testing  to 
arrive  at  a  final  mask  design.  The  gain  and  noise  figure  of  a  typical 
amplifier  are  given  in  Figure  4. 

MODULE  RESULTS 

The  prototype  version  of  the  integrated  front  end  (Figure  5)  met  all 
the  design  requirements  presented  earlier.  The  final  test  results  for  a 
sample  of  fifteen  production  units  is  given  In  Table  3.  All  of  the  specifica¬ 
tions  have  been  met.  The  reliability  record  accumulated  under  actual  field 
operating  conditions  has  been  impressive.  To  date,  over  15,000  hours  of 
operation  have  been  logged  without  a  failure.  The  uniformity  experienced 
during  the  Initial  production  run  demonstrates  the  effectiveness  of  the 
approach  used  to  attain  this  level  of  reproducibility. 
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I  I 

Control  Voltage  Teat  Signal  Inpnt 

FIGURE  1:  Module  Block  Diagravn 


Characteristic 

Specificat. 

Frequency  (GHz) 

2.3  to  2.7 

Gain  (dB),  min. 

25 

Gain  Flatness  (dB) 

±0.5 

Noise  Figure  (dB),max. 

5.5 

vsm 

Input 

Noise 

1  Matched 

Output,  nominal 

2.5:1 

RF  Input,  max. 

3  KW  peak, 

6  W  ave. 

Test  Node  Isolation 

Amplifier  to  RF 

Input  Port  (dB) 

60 

Temperature  (°C) 

-10  to  +52 

TABLE  1:  Module  Specifications 


Characteristic 

Specificat . 

Receiver  Protector 

Ins.  Loss  (dB),  max. 

0.  3 

Limiting  Threshold 
(dBm) 

+10 

Switch 

Ins.  Loss  (dB),  max. 

0.4 

Isolation  (dB),  min. 

25 

Coupler 

Ins.  Loss  (dB),  max. 

0.  2 

Coupling  (dB) 

20 

Amplifier 

Cain  (dB),  min. 

27 

Noise  Figure  (dB), 
_ max. _ _ 

4.  5 

TABLE  2:  Component  Specifications 
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Switch  Isolation  and 
Coupling  (dB) 


Nolae  Figure  (dB) 


TABLE  3:  Performance  of  Production  Modules 
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APPLICATION  OF  MIC  TECHNOLOGY 
TO  WIDEBAND  MICROWAVE  RECEU^RS* 

by  J.J.  Taub,  G.V.  Kopcsay  and  H.  C.  Okean 


AIL,  a  division  of  Culler-Hammer 
Melville,  New  York  11746 


ABSTRACT 


A  variety  of  microwave  integrated  circuit  components  are  described  which 

are  suitable  for  application  to  wideband,  high-performance  receiving  systems.  In 

particular,  a  4  to  12  GHz  interferometer  receiver  consisting  entirely  of  integrated 

modules  is  presented  as  an  example  ol  the  current  technology. 

I.  INTRODUCTION 

This  paper  describes  some  recent  advances  in  the  application  of  microwave  integrated 
circuit  (MIC)  techniques  to  the  realization  of  complex  wideband  receiving  systems.  The  cur¬ 
rent  level  cf  technology  is  best  illustraied  by  describing  a  recently  developed  4  to  12  GHz 
double- superheterodyne  interferometer  receiver,  A  nu.mbcr  of  new  MIC  components  and 
modules  used  in  this  receiver  are  described,  including. 

•  S,  C,  and  X-band  step- scanned  local  oscillators 

•  Half-octave,  C-  and  X-band  tunnc-l-dioie  amplifiers 

•  Octavc-wide  PIN-diuJe  alleiiuaiors 

•  Half-octave  mixers  with  I  to  2-GHz  II  outjiuts 

•  Phase-tracked  limiters, 

•  A  wide  variety  ot  uand-pass  and  low-pass  filtt  r,s  it;  inicrostnp  and  alumina 
sandwich  line 


II.  WlIitBAKl)  HKCi  rVLIt 


Figure  1  shows  the  uluck  diagram  of  a  rccentl)  ctwloped  lalxiratury  mterf*  .•■inu  ier 
receiver  for  the  4  to  J2  GHz  raiigi  .  Ttsis  rccetvt',’-  lak.  s  equal-aiiipliiudt  RI  inputs  and. 
after  double  downcoiiv'' rsion,  compares  then  ptiase  in  i  0.  7  to  0.  9  GH.?  (seco'id  !I  phasi 
comparator. 


The  RP'  input  of  each  of  two  channels  is  split  into  i  irv.-  bands  by  means  of  a  triplexoi 
w’hich  feeds  4  to  6,  6  to  S,  and  8  to  12  Ghz  receiver  modiles.  These  modules  perform  tiir 
two  frequency  converstioiis.  Each  of  the  two  sets  ol  thre  •  receiver  module  outputs  are  re¬ 
combined  in  a  pre-encoder  channel  which  provides  IF  gaii  and  serves  to  hard  limit  the  RF 
input's  40-dB  dynamic  range  to  a  le%el  within  I  dB.  Each  pre-encoder  channel  provides  an 
output  to  the  phase  comparator.  Finally,  the  0.7  to  0.  9  Gilz  I.F  is  further  resolved  into  lb 
frequency  slots,  each  13.  3  MHz  wide  in  the  frequency  channelizer  module. 


"■  This  work  was  siipported  in  part  by  the  Air  Force  Avionics  Laboratory  under  Contract 
F33615-69-C-1859.  H.  C.  Okean  was  with  AIL,  a  division  of  Cutler- Hammer.  He  is  now 
with  LNR  Communications,  Lie.,  Farmingdalc,  N.  Y.  11735. 
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Two  local  oscillator  assemblies  supply  Ihe  step-tuned  signals  which  are  required 
lor  the  frequency  conversions. 

The  components  contained  in  each  of  these  modules  are  now  described. 

A.  Triplexer 

The  triplexer  serves  to  split  the  4  to  12  GHz  input  into  three  bands.  It  consists  of 
three  band-pass  filters  which  are  sequentially  switched  as  indicated  in  Figure  2.  Two 
SPOT  PIN-diode  switch  modules  mounted  in  niicrostrip  provide  band  selection.  The  filters 
are  constructed  in  alumina  sandwich  line  of  0. 1-inch  ground  plane  spacing  and  provide 
greater  rejection  than  could  be  obtained  in  niicrostrip. 

B.  Receiver  Modules 


Figure  3  is  a  block  diagram  of  a  typical  receiver  module.  A  variety  of  receiver 
functions  are  contained  in  this  module,  including: 

•  Crystal  video  detector  for  high  level  signal  reception 

•  Main  channel  double-superheterodyne  downconversion 

•  Independently  tunable  monitor  receiver 

The  components  of  special  note  are  the  circulators,  tunnel-diode  amplifiers,  PIN- 
diode  attenuator,  and  the  balanced  mixers.  They  represent  considerably  wider  band  designs 
than  had  previously  existed  in  alumina  microsirlp. 

C.  Local  Oscillator  Assemblies 


Local  oscillator  signals  from  6  to  13  GHz  are  supplied  by  a  bank  of  six  Gunn 
oscillators.  Also  contained  in  the  first  LO  assembly  are  PIN-diode  switches  and  power 
dividers  for  signal  distribution. 

The  second  LO  is  supplied  by  a  PIN-diodc  step-tuned  transistor  oscillator  for  1.9  to 
2.7  GHz.  This  assembly  also  contains  power  dividers  and  switches  which  direct  oscillator 
power  to  tlie  proper  mixers. 

D.  Other  Modules 


All  other  modules  consist  of  0.7  to  O.ti  GHz  IF  components.  The  pre-encoder  contains 
transistor  amplifiers  and  diod.?  limiters.  The  phas*.  comparator  module  lias  low-pacs  filters, 
r, 11- race  and  quadrature  liybrids,  and  dctcclor-video  amplifiers.  The  Irequcnry  chaiinolizer 
consists  of  a  bank  of  15  siugle-pole  band-pass  filters  each  coupled  to  a  detector-video 
amplifier. 


HI.  CONCLUSIvONS 


A  number  of  recently  developed  receiver  components  have  been  briefly  described.  By 
using  them  as  building  blocks,  a  fairly  complex  receiving  system  has  been  cotifigured.  Un¬ 
doubtedly  other  receiving  systems  using  the  components  described  herein  will  suggest  them¬ 
selves  to  the  reader. 
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FIGURE  3.  BLOCK  DIAGRAM  OF  8  TO  12  GHz  RECEIVER  CHANNEL 


UHF  HYBRID  INTEGRATED  45-WATT  TV70-STAGE 
AMPLIFIER  WITH  OCTAVE  BANDWIDTH 

R.  C.  Huntington  and  S.  Cho 
Central  Research  Laboratories 
Semiconductor  Products  Division 
Motorola  Inc. 

Phoenix,  Arizona 


ABSTRACT 


Design  and  realization  of  a  hybrid  integrated  45-watt 
two-stage  UHF  amplifier  with  12-16  dB  gain  over  an  octave 
bandv7idth  are  described.  Emphasis  is  on  computer-aided  de¬ 
sign  and  on  layout  and  assembly  contributing  to  low-cost 
production. 


ini:roduction 


RequireuiciiLs  of  the  emerging  generation  of  communica¬ 
tions  equipment  in  the  225-400  MHz  band  impose  need  for  an 
efficient  solid  state  high-power  CW  amplifier  at  ever- 
increasing  output  levels  in  a  design  which  is  adapted  to 
low-cost  quantity  production.  To  meet  the  present  need,  a 
45-wart  amplifier  with  12  dB  minimum  gain,  +  2  dB  gain  var¬ 
iation,  1.4:1  maximiim  VSWR,  and  30%  minimum  efficiency 
across  the  band  was  developed.  Operating  temperature  range 
is  -55°C  to  +72°C,  and  the  amplifier  remains  stable  at  all 
output  levels  and  when  driving  a  load  having  3:1  VSWR  at 
any  angle.  Hybrid  integrated  circuitry  is  utilized  through¬ 
out,  and  the  amplifier  is  constructed  in  a  dual-channel  bal¬ 
anced  amplifiec  configuration  as  block  diagrammed  in  Figure 
1.  Each  channel  consists  of  two  stages,  and  the  channels 
are  combined  using  overlay  quadrature  hybrid  couplers  tit  in¬ 
put  and  output.  The  amplifier  housing  is  hermetically  seal¬ 
ed,  and  its  dimensions  are  2.8  x  1.8  x  0.75  inches  exclusive 
of  connectors.  The  design  procedure  and  amplifier  realiza¬ 
tion  are  described. 


DESIGN 


It  was  determined  at  the  outset  that  design  require¬ 
ments  would  best  be  met  using  a  balanced  amplifier  config¬ 
uration.  This  permits  a  low  VSWR  across  the.  band  at  the 
amplifier  input  (into  the  hybrid  coupler)  while  the  exped- 
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lent  of  mts-matching  each  amplifier  channel  at  low  frequen¬ 
cies  is  used  for  gain  Leveling.  It  also  provides  a  relia¬ 
bility  bonus  in  that  open-circuit  failure  of  one  channel 
results  in  reduction  in  output  rather  tlian  catastrophic 
fdflure.  yhe  quadrature  hybrid  couplers  used  are  of  con¬ 
ventional  ^  stripline  construction  having  less  than  .25  dB 
insertion  loss. 

Each  of  the  two  identical  amplifier  channels  uses  two 
common  emitter  stages  both  operating  class  C.  The  transis¬ 
tors  selected  are  tne  Motorola  RF164  and  RF416  for  the 
driver  and  power  stages,  respectively.  Both  are  28V  silicon 
npn  devices  '  ich  are  rated  at  20W  output  for  the  RF164  and 
30W  for  the  RF416  at  400  MHz.  A  newly-designed  microstrip- 
compatible  carrier  for  high-power  UHF  transistors,  which  is 
sketched  in  Figure  2,  was  used  for  both  transistors.  It 
consists  of  a  metallized  beryllia  substrate  v/ith  a  symmetri¬ 
cal  grounded  bridge  to  which  the  emitter  is  wire  bonded.  It 
provides  good  thermal  conduction  to  a  heat  sink  and  minimum 
series  inductance  in  the  grounded  emitter. 

It  has  been  observed  that  gain  characteristics  of  a  UHF 
common  emitter  large  signal  transistor  can  be  optimized  by 
augmenting  the  base-to-emitter  capacitance  with  a  selected 
external  capacitor  located  closely  as  possible  to  the  chip. 
The  effects  of  various  capacitance  values  on  the  RF164  at 
8.5W  output  across  the  band  are  shown  in  Figure  3  for  matched 
operation.  A  6  dB  per  octave  roll-off  with  no  capacitance 
is  reduced  to  1.5  dB  gain  spread,  gain  at  400  MKz  is  In¬ 
creased  2  dB,  and  efficiency'  is  improved  using  a  71  pF  aug¬ 
menting  capacitor. 

Gain  and  efficiency  of  the  RF416  transistor,  which  was 
operated  without  an  augmenting  capacitor,  are  plotted  in 
Figure  4. 

To  simplify  the  input  and  output  matching  networks,  the 
50-ohm  source  and  load  impedances  were  reduced  by  a  factor 
of  4  using  transmission-line  transformers.  However,  it  was 
found  that  transformers  constructed  of  a.bifilar  winding  on 
a  toroidal  core  as  discussed  by  Ruthroff'l'  had  aon-uniform 
transfer  functions  resulting  from  varying  parasitic  induc¬ 
tances  caused  by  slight  variations  in  windings.  This  pro¬ 
blem  was  eliminated  by  design  of  an  equivalent  transmissipn- 
line  transformer  using  parallel-strip  transmission  lines 
formed  by  etching  both  sides  of  a  chrome-gold  metallized 
10-mil  thick  alumina  wafer.  Transformer  construction  is 
sketched  in  Figure  5.  The  wrap-arourd  metallization  on  one 
edge  constitutes  the  ground  terminal  as  well  as  the  surface 
which  is  soldered  to  the  circuit  ground  plane  for  vertical 
mounting  of  the  crans former  as  shown  in  Figure  6.  Figure  7 
shows  Impedance  measured  at  the  low-impedance  terminal  with 
a  flat  50-ohm  load  on  the  high- impedance  terminal  for  three 
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transformers  having  different  developed  lengths  of  trans¬ 
mission  line.  Line  length  of  1.1  inch  was  used  for  this 
amplifier.  Measured  insertion  loss  is  less  than  .25  dB, 
and  the  temperature  coefficient  is  i°C/W  at  400  MHz. 

Two  computer  programs  were  used  in  designing  the  coup¬ 
ling  networks.  One  incorporates  an  optimization  subroutine 
and  is  used  in  the  selection  and  optimization  of  a  simple 
broadband  network  configuration  and  constants.  Using  the 
second  progr.ani,  circuit  parasitics  are  Introduced,  and  the 
selection  of  constants  is  refined. 

Objectives  of  the  coupling  circuit  design  are  to  devel¬ 
op  an  amplifier  having  constant  transducer  gain  across  the 
225-400  FiHz  band  in  a  50-ohni  system  and  to  provide  good  im¬ 
pedance  nuitich  at  outputs  of  both  stages  for  maximized  effi¬ 
ciency,  This  was  accomplished  using  the  foilow’ing  procedure 
The  drive  levels  into  the  power  (output)  stage  to  compensate 
for  the  composite  gain  roll-offs  indicated  by  Figures  3  and 
4  were  determined.  Input  impedances  of  the  drivei*  stage 
then  were  measured  under  nuitched  conditions  at  these  output 
levu'.ls,  and  an  input  network  for  the  driver  stage  was  de¬ 
signed  whlcli  provided  good  5.inpedance  match  at  the  upper  end 
of  the  band  with  progressively  greater  mismatch  at  lower 
freqaencies  as  calculated  to  compen.sate  for  gain  roll-off. 
Output  impedance  was  measured  across  the  band  for  an  RFI64 
equipped  with  the  designed  input  network.  A  broadband  in¬ 
terstage  network  then  was  designed  for  optimal  match  between 
this  impedance  and  measured  Input  impedance  of  the  RF416 
under  matched  conditions  at  rated  output  power  (30W)  across 
the  band.  This  network  and  an  RF416  then  were  added  to  the 
driver  stage,  and  output  impedance  was  measured.  The  out¬ 
put  network  then  was  designed  to  match  this  impedance  across 
the  band  to  the  tran.sformed  50-ohm  load. 

Lumped  constants  were  used  for  convenience  in  initial 
design  and  breadboarding.  Where  feasible,  these  constants 
later  were  converted  to  equivalent  microstrip  transmission 
line  segments. 


AMPLIFIER  REALIZATION 

Primary  objectives  in  design  of  the  amplifier  structure 
and  housing  are  to  achieve  maximum  producibility  and  to 
develop  the  required  manufacturing  technology  while  main¬ 
taining  design  performance  and  reliability. 

Each  channel  assembly  of  the  amplifier  consists  of 
seven  small  microstrip  circuit  boards,  two  transistor  car¬ 
riers,  and  two  ceramic  transformers.  All  inductances  and 
RF  chokes  are  realized  as  equivalent  transmission  line 
sections,  capacitors  are  discrete  ceramic  chips,  and  re¬ 
sistors  are  evaporated  thin  film  on  Si02.  Figure  8  shows 


261 


the  circuit  layout  used  ii  production  units. 

Be ''ore  assembly  of  the  amplifier,  each  circuit  board  is 
prepared  as  a  sub-assembly  on  which  are  mounted  discrete 
components  and  coupling  ribbons  using  high- temperature  (300*' C) 
solder.  After  test  and  inspection  of  transistors  and  sub- 
assemblies,  they  are  fitted  into  the  housing  with  lower  tem¬ 
perature  solder  preforms  and  furnace  soldered  at  a  tem])era“ 
ture  of  200'’C.  This  process  of  assembling  pre-tested  sub¬ 
assemblies  is  capable  of  producing  high  yields  of  acceptable 
amplifiers  in  production.  In  addition  to  this  advantage, 
metallized  small  ceramic  boards  can  be  soldered  successfully 
directly  to  a  plated  aluminum  housing  whereas  a  larger  cera¬ 
mic  board  may  crack  due  to  thermal  stresses  during  the  cool¬ 
ing  cycle. 

All  circuit  boards  are  50-mil  thick  99.5%  alumina  with 
chrome-gold  metallization.  This  board  thickness  is  used  be¬ 
cause  it  provides  reasonably  high  impedance  lines  (72^)  with 
sufficient  width  (20  mils)  to  keep  i2r  losses  within  accept¬ 
able  limits.  Uniform  board  thickness  contributes  to  ease  of 
attaching  interconnecting  ribbons. 

The  amplifier  package  permits  assembly  of  each  channel 
into  a  separate  housing  such  that  only  pre-tested  channels 
are  assembled  into  a  dual-channel  amplifier;  again,  a  yield- 
improving  expedient  relative  to  use  of  a  single  dual* channel 
housing.  Figure  9  is  an  exploded  view  of  the  amplifier  pack- 
•Hge  shov;ing  the  method  of  installing  the  quadrature  hybrid 
couplers  and  the  hermetic  feed-throughs  to  the  couplers  and 
the  external  bias  supply.  The  two  channel  housings  are  sol¬ 
dered  together  and  to  the  base  plate.  After  final  test  the 
hermetic  seal  is  completed  by  soldering  the  cover  plate  in 
place  with  a  lower-temperature  solder.  Figure  10  is  a 
photograph  of  a  prototype  amplifier  without  cover  plate. 

TEST  RESULTS 


Test  data  measured  on  one  typical  production  prototype 
amplifier  and  summarized  here  indicate  that  performance  ob¬ 
jectives  stated  at  the  outset  have  been  met. 

Transducer  gain,  collector  efficiency^,  and  VSWR  at  45W 
constant  output  across  the  225-400  MHz  band  at  room  tempera¬ 
ture  are  plotted  in  Figure  11.  Minimum  gain  is  12. 5 W  with 
total  gain  spread  of  2.3  dB.  Minimum  efficiency  is  307o,  and 
maximum  VSWR  is  1.45:1, 

Transducer  gain  and  efficiency  measured  at  45W  constant 
output  are  plotted  against  frequency  in  Figure  12  for  the 
tv70  temperature  extremes  of  -55 °C  and  +72*’C.  Performance 
data  for  intermediate  temperatures  are  encompassed  by  these 
curves.  Rated  45W  output  pov/er  capability  with  minor  var¬ 
iations  in  gain  and  efficiency  are  shown  at  all  temperatures 
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within  this  range. 


Power  delivered  to  the  load  and  efficiency  of  the  amp¬ 
lifier  operating  into  a  3:1  VSWR  load  are  summarized  in 
Table  I  for  band-end  frequencies  of  225  and  400  MHz.  At 
each  frequency  and  load  angle  the  amplifier  was  operated 
either  at  45W  output  or  at  an  output  obtained  with  a  supply 
current  not  to  exceed  3.0  amp  in  either  single  channel. 
Minimum  output  power  was  33. IW,  and  minimum  gain  was  11.89  dB 

The  amplifier  output  vjas  monitored  with  a  spectrum  anal¬ 
yzer  in  all  tests.  In  no  case,  including  operation  into  3:1 
VSWR  load,  was  there  instability  or  generation  of  spurious 
frequencies  at  any  combination  of  frequency,  temperature,  or 
signal  level,  nor  was  there  device  damage.  The  second  har¬ 
monic  remained  more  than  15  dB  below  the  fundamental. 

Capability  of  operating  continuously  and  stably  at  out¬ 
put  levels  down  to  0.5W  at  all  frequencies  and  temperatures 
was  verified. 


The  work  reported  in  this  paper  was  supported  in  part 
by  the  Manufacturing  Technology  Division,  Air  Force  Materials 
Lab,  WPAFB,  Contract  F33615 -70-C-1928 . 
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12.25 

30.7 

11.89 

31.3 

12.38 

31.5 

13.57 

26.4 

14.16 

26.3 

14.89 

25 . 9 

14.67 

21.6 

Table  I 

Operation  into  3:1  VSWR  Load  at 
all  Angles  at  Band-End  Frequencies 
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ABSTRACT 

The  design  and  fabrication  of  an  integrated  intermediate - 
frequency  amplifier -limiter  is  described.  The  low  power  consumption 
and  amplitude -to -phase  conversion  characteristics  make  the  circuit 
ideally  suited  for  use  as  part  of  a  communications  satellite  F -M 
rejrieateri  Experimental  results  are  presented. 


^his  Work  was  sponsored  by  the  Department  of  the  Air  Force. 
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BACKGROUT'ID 


This  paper  describes  an  intermediate -frequency  amplifier- 
limiter  designed  for  use  in  the  Lincoln  Experimental  Satellite  series 
of  communications  satellites.  This  circuit  is  used  to  amplify 
received  frequency -modulated  signals  (converted  to  a  3  MKz  center 
frequency)  to  a  standard  amplitude  prior  to  retransmission  by  the 
satellite.  Primary  design  objectives  include  low-power  operation, 
low  ainplitude -to -phase  shift  conversion  to  minimize  distortion  of 
the  F-M  signals,  and  fabrication  in  a  small,  reliable  form.  It  was 
also  necessary  to  convert  the  initial  breadboard  circuit  to  final  form 
quickly  in  order  to  meet  satellite  assembly  schedules. 

CIRCUIT  DESIGN 

The  configuration  chosen  for  the  amplifier -limiter  consists  of 
an  emitter -Coupled  amplifier  driving  an  emitter  follower  included  to 
provide  low  output  impedance.  The  emitter -coupled  pair  provides 
wideband  small-signal  response  and  limits  the  output  at  a  predictable 
level  determined  by  the  magnitudes  of  the  operating  current  and  the 
load  resistor  of  the  amplifier.  Preliminary  analytic  and  experimental 
investigations  indicated  that  the  only  effective  way  to  reduce  amplitude - 
to-phase  conversion  for  this  circuit  was  to  increase  its  small-signal 
bandwidth  well  above  3  MHz.  Furthermore,  it  was  necessary  to  in¬ 
crease  the  bandwidth  by  reducing  the  r-c  time  constant  at  the  output 
node  of  the  emitter -coupled  ampUtier  (the  dominant  time  constant  for 
thii.  coiifiguiatiou),  since  attempts  at  iiducciveiy  peaking  the  amplifier 
response  resulted  in  disastrous  amplitude -to-phase  characteristics. 
The  low -capacitance  requirement  dictated  that  the  final  circuit  be 
fabricated  in  hybrid  rather  than  monolithic  integrated  circuit  form 
since  the  collector -  to -substrate  capacitance  associated  with  mono¬ 
lithic  designs  would  deteriorate  performance. 

The  circuit  schematic  is  shown  in  Fig.  1.  The  quiescent  bias 
current  of  the  emitter  follower  .is  repeated  by  the  Q4-Q5  pair  to  set 
the  bi.  s  level  of  the  emitter -coupled  pair.  This  technique  permits 
low  village  operation  of  the  current  source  so  that  a  5 -volt  supply  is 
sufficient.  Since  the  bias  current  of  the  output  transistor  is  repeated, 
no  aduitional  supply  current  is  necessary  to  bias  the  current  source. 

Some  operating  point  stability  is  obtained  because  of  negative 
feedback,  although  the  gain  around  this  loop  is  quite  low.  A  more 
important  source  of  small -signal  gain  stability  arises  because  of  the 
temperature  characteristics  of  the  diode  and  the  base -to -emitter 
junctions  of  Qj  and  Q5.  As  temperature  increases,  the  forward 
voltages  of  these  three  junctions  decrease,  and  tlius  Ij  increases. 

The  voltage  gain  of  the  emitter -coupled  pair  is  approximately 

^rn  X  1 . 5  K  =  q  x  ^2  x  1 . 5  K  ( 1 ) 

~T~  2kT  T 

where  gj.^^  is  the  transconductance  of  either  Q2  or  Q3.  I’lie  increase 
in  I2  with  temperature  (since  this  current  is  equal  to  I^)  offsets  the 


deci'east;  in  tranacouduclance  with  tcniperatuve  which  results  if  a 
bipolar  transistor  is  operated  at  constant  current. 

Since  transistors  and  Q3  are  biased  at  appiox^mately 
0.25  mA  each,  their  transeondnctance s  are  10  m  mho,  and  the  sinall- 
signal  voltage  gain  of  the  circuit  iu  approximately  7.5,  The  maximum 
peak -to -peak  output  signal  swing  is  0.5  .nA  x  1 . 3  K  =  0.  75  volt,  and 
the  power  consumption  of  the  circuit  is  5  mW . 

CIRCUIT  FABRICATION 

The  layout  of  the  3  MHz  amplifier -limiter  circujv  was  initiated 
by  applying  an  equation  that  we  have  found  useful  in  pre  iicting  the  sub¬ 
strate  area  required  for  components  and  interconnection  metalization. 
The  paranieters  required  for  the  equation  are;  the  number  of  internal 
substrate  and  input-output  connections,  total  substrate  area  required 
for  active  devices,  rccistors,  capacitors  and  other  component  pads, 
number  of  resistors  whose  areas  are  determined  by  pi^wer  consider  ■ 
ations  rather  than  sheet  resistivity,  and  number  of  total  components. 
Experience  has  indicated  that  the  equation  predicts  a  substrate  area 
within  5-10  percent  of  tlie  area  actually  required  for  the  layout. 

After  the  package  and  related  substrate  size  \/ere  chosen  based 
on  the  area  predicted,  the  circuit  layout  was  drawn  to  scale.  This 
drawing  was  then  digitized  using  a  Calma  machine  where  pets  of 
coordinate  numbers  for  each  component  bouduig  pad  and  conductor 
lines  were  recorded  on  magnetic  tape. 

After  digitizing,  the  magnetic  tape  wan  plac'  d  on  an  IBM  360 
computer  where  programs  called  "DIGITIZE”  and  ”  vlANi'JPLCT ” 
were  used  to  scale,  edit,  and  provide  a  visual  displ-.  y  01  the  layout. 

At  this  time  any  corrections  in  coniponent.  piaccmciu  or  lint,  routing 
may  bo  made.  When  the  layout  was  accepted  as  correct,  a  paper  tape 
was  punched  witli  the  edited  data.  This  tape  was  then  u^ed  to  nrake 
the  masks  for  the  substrates. 

The  masks  were  made  on  a  David  Mann  coniputer-cont  rolled 
pattern  generator.  The  pattern  generator  exposed  glass  plo.tc  in 
such  a  manner  that  a  mask  of  the  <  ircuit  was  produced.  Alter 
chemical  developing  of  the  plate,  the  finished  ;r.aslc  W'as  ready  for 
final  processing  of  the  aub.strale. 

The  amount  of  time  from  layout  to  final  glass  masks  was 
2-1/2  days.  This  was  followed  by  a  day  for  substrate  metalization 
and  etching  resulting  in  a  total  time  of  3-1/2  day.9  from  layout  to 
availability  of  a  prototype  substrate. 

Fabrication  of  the  ciicuil  wuis  completed  using  chip  resistors, 
capacitors  and  transistors.  The  passive  elements  were  attached  to 
the  substrate  v/jih  a  conductive  adhesive,  wtiile  semiconductor  devices 
were  cute ct.ically  mouriied.  Conventional  ultrasonic  wire  bonding  was 
emj.loyed  lo."  the  pin-lo -sabs Irate  connections. 

Tn-process  testing  w.to  performed  on  the  circuit  during 


fabrication.  The  testing  consisted  of  matchuig  critical  transi.stoi 
pairs  for  current  gain  and  base -to -emitter  voltage  before  bonding 
and  a  functional  test  of  the  circuit  after  bemding,  but  before  sealing 
of  the  package.  This  testing  prov'ided  an  opportunity  of  repairing 
ally  defective  coinjTOi^ent  and  resul'ed  in  a  high  yield  after  aealiug. 

Since  the  circuit  was  for  a  space  flight  application,  rigorous 
environmental  testing  was  performed.  This  included  mechanical 
shock  and  vibration,  centrifiigiug ,  thermal  sliock  and  a  ourn  in.  O’he 
prototype  circuit  has  met  or  exceeded  all  the  original  speciti cations 
and  bids  are  now  out  for  production  units. 

1'he  layout  used  for  this  circuit  i.»  shown  m  I'ig-  2,  while  Fig.  3 
illustrates  the  coinpiCte  circuit. 

PFaFOR  MANGE 


Figure  4  shows  the  output  and  rclarive  phase  change  of  three 
cascaded  amplificr-liiriter  stages  a.,,  a  lunction  of  input- signal  level. 
For  s«7i.‘dU  input  signals  the  voltage  gam  per  stage  is  18  dB,  censistant 
v/itL  the  predicted  v.alue .  The  amplitudc-tc -nha&e  conversior.  char¬ 
acteristics  indicate  a  peak -to  -peak  ph.ase  change  of  less  iliP.n  Z.S°  for 
a  litO  dB  change  in  input-  3igt\al  level.  This  value  insure f  that  tne 
distortion  of  the  frequencv  -modulated  signal"*  will  be  negl.igible  for 
anticipated  amplitude -change  Tiles. 


The  frequency  reeponoti  of  each  individual  stage  is  f.uit  v.  ithiii 
40,  -3  d.B  over  the  ZO  kKi'.  to  10  MHz  range,  and  this  wide  b..ndv;idth  is 
Tesjxmsible  lor  the  eT'.cellenf  amplitude -to -pliase  shiti  conversion 
characteristics.  The  change  in  linear  region,  gain  with  teiiiper  ature 
is  loss  than  0.  1  poir.ent  per  degieo  centigrade. 
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OUTPUT-SIGNAL  LEVEL  AND  RELATIVE  PHASE  SHIFT 
vs  INPUT-SIGNAL  LEVEL  FOR  THREE  CASCADED  STAGES 

Figure  4  Output  and  Relative  Phase  Change  vs.  Input  Signal 


A  HYBPaD  INTEGRATED  FERRITE  PHASE  SHIFTER  DRIVER 
FOR  PHASED  ARRAY  RADAR  APPLICATIONS* 


J.  DiBartolo,  W.J.  Ince,  D.H.  Temnic 
Massachusetts  Institute  of  Technology,  Lincoln  Laboratory 
Lejcington,  Massachusetts 


Abstract 


A  hybrid  integrated  driver  circuit  for  latching  ferrite  phasers 
is  described.  Test  data  on  prototype  drivers  demonstrate;;  ability 
to  control  phase  accurately  over  a  viide  temperature  ia.'.ge,  inter¬ 
changeability,  and  small  sensitivity  to  phaser  parameter  variations. 

Introduct ion 

A  hybrid  integrated  version  of  a  flux  drive  control  circuit^  for 
nonreciprocal  toroidal  latching  waveguide  ferrite  phase!rs2  is 
described.  Test  data  on  prototype  drivers  demonstrates  ability  to 
control  phase  accurately  over  a  wide  temperature  range,  inter¬ 
changeability,  and  small  sensitivity  to  phaser  parameter  variations. 

The  principle  of  the  flux  drive  circuit  is  demonstrated  in  Fig,  1. 
Phase  is  changed  by  incrementing  tb.e  phaser  toroid  flux  from  a 
reference  remanence  state  on  the  major  hysteresis  loop.  This  is 
accomplished  by  applying  a  voltage  step,  v(t),  to  the  control  winding 
which  threads  the  toroid.  If  the.  driver  output  lmi)cdancc,  leakage 
inductance  and  circuit  .losses  are  negligible,  the  incremented  flux 
is  proportional  to  a  volt-time  integral,  d.e.,A^ 

Ideally,  if  the  applied  voltage  is  a  step  function  of  amiiiitude  V,  the 
1  lux  increiiieut  is  simply  propert  ional  to  time. 

The  driver  delivers  an  initial  RESET  command  to  esiablisli  the 
reference  state  followed  by  a  SET  pulse  to  achieve  I  lie  desired  phase 
state.  I'he  reference  point  is  taken  to  correspond  to  the  long  (M”) 
state,  since  the  insertion  phase  of  tlic  long  state  is  Itiss  t  einiioraturc 
-sensitive  than  that  of  the  short  state.  Assume  that  in  the 

TRANSMIT  mode  of  operation  the  reference  is  represented  by  state  A  of 
Fig.  la.  During  the  pulse  the  flux  is  incremei  ed  along  path  AB.  When 
the  driver  is  turned  off  the  flux  relaxes  to  i.c  remanent  point  C.  If 
C  is  on  a  minor  loop  for  all  phase  settings,  any  shrinkage  of  the 
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hysteresis  loop  due  to  average  power  heating  or  ambient  temperature 
fluctuations  can  be  accommodated.  In  addition,  phaser  mechanical 
tolerances  ana  toroid  material  tolerances  become  less  critical. 

The  flux  differential  -4'C  corresponds  mainly  to  reversible 
domain  wall  motion.  Energy  must  be  supplied  by  the  driver  to 
sustain  the  reversible  flux.  This  energy  is  not  recovered,  but  is 
dissipated  in  the  driver  circuitry. 

Due  to  the  ncnreciprocal  nature  of  the  phase  shifter,  the 
remanent  induction  miiSt  be  inverted  when  changing  between  the  TRANSMIT 
and  RECEIVE  modes  of  operatic!'..  Point  D  in  Fig.  la  represents  the  new 
reference  state  for  RECEIVE. 

The  differential  phase-versus-time  relationship  is  usually  non¬ 
linear.  Linearization  is  accomplished  within  this  particular  driver 
by  shaping  the  driver  waveform  (Fig.  Ic).  In  addition,  for  operation 
with  a  digital  steering  control  scheme,  an  auxiliary  digitai-to-analog 
converter  is  required. 

Circuit  Description 

The  phaser  configuration  utilized  in  this  work  is  operated  with 
single  wire  control.  Hence,  the  driver  must  be  capable  of  providing 
output  waveforms  of  both  positive  and  negative  polarity.  For  the  SET 
function  a  peak  current  of  3A  Is  required.  During  th.e  RESET  operation, 
which  is  performed  in  about  half  the  time  taken  for  rhe  .SET  faiicilun, 
the  peak  current  is  permicted  to  rise  to  a  maximum  va’ue  of  lOA. 

The  driver  block  diagram  is  shown  In  Fig.  2.  The  driver  comprises 
dual  channel  complementary  amplifiers  with  low  output  impedance  (ssO.3 
ohm)  direct-coupled  emitter-follower  final  stages.  One  channel 
processes  the  SET  and  RESET  commands  for  the  TRANSMIT  mode.  Tlie  otlier 
channel  is  active  in  the  RECEIVE  mode. 

The  waveform  shaping  required  to  linearize  the  phase-time 
relationship  is  performed  in  the  small-signal  amplifying  stages.  The 
rectangular  input  pulse  from  the  control  logic  circuitry  is  amplified 
and  is  then  accurately  defined  in  amplitude  by  a  temperature-stable 
reference  voltage.  In  parallel  the  Input  pulse  is  also  differentiated, 
amplified  and  then  added  to  the  accurately  defined  waveforni.  The 
sliaped  waveform  tlien  drives  the  class  B  push-inill  outjiut  stage.  The 
RESET  command  signal  bypasses  the  wavcf orni-shaplng  stages  via  a 
separate  input,  since  linearity  is  not  required  for  the  RESET.  Thus, 
additional  gain  can  be  provided  to  speed  up  the  RE.SIIT  operation. 

The  siieclal  ferrite  phase  shifter  driver  cumpoiients  were 
fabricated  utilizing  thick  film  hybrid  microcircuit  techniques.  Screen 
printing  tcciiniques  were  used  to  form  botli  tlu*  thick  film  conductor  and 
resistor  pattern  on  tlie  alumina  substrate,  and  the  patterns  were  tirea 
at  elevated  temperatures.  Ttic  active  devices  and  capacitors  were 
attaciied  to  the  substrate  to  form  the  iiyhrid  circuit.  The  traiisistois 
were  mounted  using  a  gold  silicon  eutectic  bond,  and  the  capacitors 
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wore  mounted  with  a  solder.  Gold  wire  was  used  for  the 

Intel connect ions. 

The  complete  lew  level  circuitry  Is  contained  within  two  5/8" 
hermetically  sealed  flat  packs.  A  modified  TO-3  package  is  used  for 
the  emitter  follower  stages,  which  are  separated  from  the  small  signal 
circuitry  for  thermal  considerations.  These  microcircuit  components 
are  mounted  with  larger  discrete  components  on  a  printed  circuit  board 
as  illustrated  In  Pig.  3. 

Each  flat  jiack  conta^  ;  the  components  which  comprise  the  low 
power  section  of  one  Individual  channel,  including  the  components 
which  define  the  reference  voltage.  The  component  layout  is  shown 
in  Fig.  4.  The  flat  packs  are  Identical,  wltli  the  exception  of  the 
transistor  chips.  Tlie  output  stages  of  both  channels  and  four  other 
junctions  to  provide  temperature  compensation  for  base-emitter  voltage 
variations  In  the  output  transistors  are  contained  in  t)ie  single  TO-3 
package,  wlilch  is  mounted  on  tlse  heat  sink.  The  component  layout 
within  the  TO-3  package  is  shown  in  Fig.  5. 

Large  components,  such  as  the  necessary  energy  storage  capacitors 
and  potenciomenters ,  have  been  mounted  directly  onto  the  printed 
circuit  board.  In  addition,  to  inliibit  the  output  transistors  from 
delivering  excessl''o  current  when  the  phaser  toioid  saturates,  a 
sensing  resistor  consisting  of  a  small  length  of  nlchrome  wire, 
having  a  resistance  of  less  than  0.1  ohm.  Is  externally  connected  in 
series  with  the  output  lead.  The  voltage  developed  across  th.is 
resistor  can  operate  control  circuitry  to  limit  the  driver  current 
at  some  predetermined  maximum  value,  e.g.,  lOA. 

Fifty  integrated  circuit  drivers  have  been  fabricated  and  tested. 
The  objectives  of  making  a  small-quantity  production  run  were  to  veiify 
that  the  circuit  is  reproducible  and  to  determine  a  large  quantity 

^  10,000)  production  cost.  These  objectives  have  been  met.  Tlie 
large  quantity  price  is  expected  to  be  less  than  $50,  for  production 
lots  of  50,000  or  more. 

Experimental  Results 

Experiment. “3  were  porforiueu  with  ten  S-band  latching  waveguide 
pha.sers  having  the  cro.ss-sectlon  Indicated  in  I’able  I,  which  also 
summarizes  the  performance  of  the  drivar-phaser  assembly.  The  driver 
input  pulse  width  was  quantized  to  four  bits  (maximum  phase  increment 
=  337.5°).  The  phaser  configuration  utilizes  a  single  garnet  toroid 
(47rMs=  550G)  containing  a  high  dielectric  constant  ceramic  (*';5j38) 
insert . 3 

Important  criteria  for  evaluating  driver  performance  are  (1) 
accuracy  in  setting  differential  phase  shift  (11)  effect  of  parameter 
tolerances  and  tem]ierature  variations  on  differential  phase  shift  (iff) 
switching  speed  and  switching  energy.  One  driver  connected  in  turn  to 
e.icli  of  the  ten  phasers  exhibited  no  more  than  a  3°  rms  deviation  In 
phase  fro.n  the  nominal  setting,  for  any  of  the  fifteen  phase  states. 

The  raiige  of  the  differential  pliase  shift  error  for  all  sixteen  phase 
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states  for  a  single  driver-phase  shifter  assembly  was  measured  as  a 
function  of  incident  average  power.  The  total  error  spread  at  low 
power  was  only  3°,  and  Increased  to  11“  at  350W.  An  incident  level 
of  350W  corresponded  to  a  phascr  temperature  rise  of  about  40“C  above 
ambient.  At  this  power  level  ,  the  change  in  the  reference,  insertion 
phase  state  was  20°  from  its  value  at  low  power. 

The  driver  circuit  itself  is  very  temperature  stable,  by  virtue 
of  the  temperature-compensating  components.  With  the  phaser  operating 
at  low  power  and  maintained  at  room  temperature,  the  driver  temperature 
could  be  raised  to  60°C  without  appreciable  change  in  the  driver  output 
waveform. 

The  driver  switching  time  Is  primarily  determined  by  the  time 
taken  to  reverse  the  remanent  flux  In  the  phaser  toroid.  At  S-band 
the  driver  cycle  time,  comprising  one  SET  and  a  RESET  operation,  is 
approximately  10  microseconds.  The  maximum  PRF  of  15  KHz  is  deteimined 
by  the  maximum  dissipation  of  the  output  transistors.  The  quiescent 
dissipation  is  negligible. 


Conclusion 


An  integraced  transistor  driver  for  providing  analog  control  of  a 
ferrite  phaser  has  been  described.  The  flux  drive  mode  of  operation 
provides  relative  freedom  from  temperature  sensitivity  and  effects  of 
tolerances.  High  PRF's,  relatively  fast  switching  speed  and  accurate 
phase  setting  have  been  demonstrated. 
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TABLE  1 


S-BAND  PERFOkmANCE  OF  PliASER- DRIVER  COMBINATION 


Toroid  Material 

Mn-Doped  Garnet  (4rM^  =  .850  G) 

Remanent  Magnetization 

415  G 

Dielectric  Constant  of  Insert 

38 

P'igure  of  Merit 

720  pCri’  (.JIB 

Maximum  Peak  Power 
(instability  tlire  bokl,  f  -  2.8GHz) 

7  KW 

Maximum  Average  Power’’' 

(conduct ion- convection  cooling) 

500W 

Driver  Cycle  Time 

10  psccs 

Maximum  Driver  l^RE 

15  kHz 

R.M. S,  Error  of  Any  Bit  Setting  U.sing 
•4- Bit  Digital  Flux  Drive* 

<  3  deg 

Switching  Energy 
(total  energy  per  cycle  delivered 
by  dri/er  power  .supply) 

6  30  p.T 

Freqiu.'iK-y  =  2.8  —  3.2  Gliz 
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(a )  rtv*  ^ttid  Loop 


Fig.  1  Illustration  of  Flux  Drive  Principle  (a)  Hysteresis  loop 
trajectory,  (b)  Phaae-'.line  characteristic,  (c)  Driver 
waveform  for  linearizing  phase-time  characteristic. 


Block  Diagram  of  Driver  Circuit 


?;84 


Fig.  2 


DIAMOND:  A  New  Al'proaeh  <.o  Mici'oclecironic  Circuit  Decit;;!)* 
(n_joloclrIcally  isolated  ^'roya  ol"  MONolithlc  ^evicce) 

J.  D.  Williatas  and  D.  G.  Skogino 

Sandiu  Lal'ci’atorics ,  Albuquerque,  New  Mexico 


ABSTRACT 

DIAMOND  ia  on  approach  to  iiiicroelcctronic  circuit  design  wliich  re¬ 
duces  many  of  the  problems  associatea  with  the  design  and  procurement 
of  radiat.ion-toleraiit  integrated  circuits.  Building  block  staiidai'disa- 
tion  is  achieved  while  «il2 owing  special  purpose  circuits,  when  required, 

INTRODUCTION 

The  development  of  radiation  hardened  semiconductor  circuits  is 
expensive  and  time  consuming.  DIAMOND  is  an  approach  to  microelectronic 
circuit  design  which  reduces  many  of  the  problems  associated  with  the 
design  and  procureiacnt  of  radiatj on-tolerant  integrated  circuits.  In 
t’ne  i-iast, ,  a  'nardoned  oirouit  was  firtn.  bread bciai’ued  using  a  collection 
of  hardened  discrete  devices.  These  devices  may  have  come  from  many 
different  processes  and  many  different  vendors.  The  circuit  was  then 
subjected  to  the  radiation  enviroiuucnt  end  its  performance  ova].uated. 

The  breadboard  allowed  the  designer  to  finalize  the  schematic  diagram, 
but  lie  was  still  faced  with  the  problem  of  designing  an  integrated 
circuit  of  equal  performance.  Typically,  the  first  integrated  circuit 
did  not  perform  correctly  and  vai'ious  iterations  were  required.  Once 
the  circuit  was  performing  properly,  .some  general  information  about 
designing  hardened  IC's  had  been  gained  but  mo.st  of  the  information 
pertained  only  to  that  particular  circuit.  Wticn  a  new  1C  was  required, 
■t.he  -tTial  and  error  process  was  repeated. 

Li  the  DIAMOND  approach,  a  group  of  standard  discrete  components  is 
d(.  ■igned,  developi  d  ,  and  characterized  for  all  anticipated  environments. 
These  standard  discretes  are  identical  to  the  devices  which  will  ulti¬ 
mately  be  used  to  build  integrated  circuits.  Our  standard  list  of 
devices  is  intended  to  be  dynamic,  and  will  change  as  the  technology 
advances  or  the  needs  of  the  circuit  designer  change.  Such  an  approach 
will  preclude  the  }iroblem  of  devices  becoming  obsolete  before  I ' -'y 
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ai'j'car  on  the  list,  HuU-dint;  hjoch,  or  breadboard,  iiitct’;ratod  circuiln 
have  been  constructed  by  other  iiivestigatora .  Jjoitie  ul*  thcGC  wire  for 
radiation  liardcjied  Bjt’pllcQtionG^  othci's  were  for  liiore  bejiiKn 

enviroiuucjits^ .  None  featured  indiv  idual  dt^vice  character  j  ".ation. 

DlAMONb  Al’rKOACll 

Tlie  pliilosopliy  of  the  ULAMONU  approach  to  i  ircuit  design  is  us 
follows;  Given  an  electronic  systcji;,  cjctract  tlie  I'rocess  uniform, 
regionally  located  grout's  of  discrete  components  and  design  integrated 
circuits  to  replace  thwu.  Tlieso  two  undoriined  concepts  arc  defined 
below . 

(a)  Process  Uiiifoi'm:  A  gi'ou]'  of  electrical  components  wliose 
important  paraiiioters  arc  such  that  the  components  could 
all  liave  resulted  from  the  sajiie  sequence  of  manuf dctui'ing 
processes  arc  process  uniform.  For  example,  all  tlie  com¬ 
ponents  in  any  integrated  circuit  ai'c  jirocos.',  uniform. 

Two  transistors  ol'  different  current  rating  I'ut  of  the 
same  voltage  rating  are  usually  I'l'ocess  luiiform.  Two 
transistors  with  widely  different  breakdown  voltages  would 
probably  not  be  process  uniform  because  different  starting 
collector  resistivities  are  required. 

(b )  Regionally  Located;  If  one  were  to  pai'titioii  a  schematic 
diagram  into  "proximity"  group's,  those  components  in  one 
of  these  groups  are  regionally  located.  If  a  block  dia¬ 
gram  of  the  schematic  is  constructed,  there  is  a  high 
probability  that  all  those  components  in  any  block  arc 

r egionsj.  Ij'  locat  cd  > 

The  DIAMOND  approach  provides  a  systematic  v;uy  to  fulfill  circuit 
and  system  needs  over  a  wide  range  of  economic  and  environmental  con¬ 
ditions  (e.g.,  time  sotd.es,  production  quantities,  design  iterations, 
and  adverse  environments)  and  yet  achieve  highly  reliable,  radiation- 
tolerant  ports  at  a  reasonable  cost.  The  components  discussed  are  all 
designed  to  have  geld  betuii  leads  for  attachment.  However,  tlie  apj'roach 
is  general  and  not  limited  to  a  pai'ticulai'  attacluiient  technique. 

The  initial  stci>  in  the  develop'iiient  of  the  DIAMOND  ajijn’oach  is  to 
divide  the  most  I'requently  used  portion  of  the  cuiTeiit/breakdowci  volaago 
]'l  at'o  for  transistors  into  rectangular  regions,  .^t  least,  one  transistor 
is  developed  which  moots  the  1-V  requirements  of  each  rigiv.u.  The 
transistor  typ'cs  are  dcvclop'cd  in  both  the  gold-doped  and  non-gold- doped 
versions.  Zener  (emitter-base)  and  signal  diodes  (base-collector  and 
base-enittor )  arc  realized  by  utilizing  existing  tra'isistor  Junctions. 
Capacitors  ai'c  eithoi’  nictal-oxide-semlcoi'.ductor  or  reverse  biased  fN 
Junctions.  Schottky  clamping  diodes  are  p>rcvideii  for  the  Nl'N  transis¬ 
tors.  A  full  range  of  diffuseu  and  thin-film  recissors  have  also  been 
deveiopied  to  be  compatible  with  any  of  the  process  uniform  group's. 

CirciiitB  with  comparable  performanc.'  can  be  obtained  ir  tlTee  fonns; 
(l)  Discrete  llyuriu,  ooanuaca  ijayou.,  oiiu  C'js„oiii  Layout 
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DIAMOND,  The  choice  is  diotahed  by  the  desjfiii  time  uiJowed,  quant. i^y 
required,  and  the  uiJowed  circuit  volume.  Tlie  flow  dim^raiD  followed  in 
iiiQkinc  the  dec  in  ion  is  nlioini  in  Figure  1. 

Tlic  coiiq oiicntri  developed  JU’e  completely  cJiuructerisod  in  design 
limidbooka  and  modeled  oven’  thi'  euviroinseiits  of  interest  tliub  maiing 
ciroiiit  analysis  acc^urate.  'rhese  devices  arc  stocked  in  beaJu  loiui  ehip 
form  and  in  Dll'  packages  and  arc  readily  available  for  building  bread¬ 
boards.  Ij.-house  liybrid  fabrication  facilities  and  an  intaractivo 
giapliics  syntcj;!  make  po.ssibie  tlie  coiiq'lction  of  initial  circuit  dc..ign 
to  finished  discrete  Iiybi'id  in  a.~.  sliort  a  time  as  one  week. 

DIAMOND  DKVkLOl'MKNT 


The  first  portion  of  the  DIAMOND  develoj'mont  oonsi.st.s  of  twelve 
basic  transi.stoi’  tyi'cs  using  beam  lead  and  radiation- wOlerant  technol¬ 
ogies.  Tile  twelve  tyj'cs  include  HDD  and  PN*’  trar.ci-^tor  ai-rays  with 
i'Vgko's  of  10  and  3li  volts  representing  tlu'co  separate  oj'erating  current 
ranges.  Tl>c  twelve  I'asic  transistor  typos  uia-  exi'anded  to  twenty-four 
tjea'S  by  providing  cucli  basic  device  in  both  gold-doped  and  non-gold- 
doi'od  Versions,  'fliose  transistors  arc  provided  in  the  form  of  quad 
ti'fuisistor  arrays.  A  small  real  estate  penalty  and  negligible  dollar 
cost  allowed  us  to  develop  quads  instead  of  single  transistors.  The 
quad  form  groatlj'  onlianccs  tiic  amound  of  characterization  data  available. 
Singles  can  easily  be  fabricated  if  the  larger'  urea  unit.s  prove  to  be 
undo  'irublc.  All  four  translstor.s  in  an  array  have  the  some  cuiT''nt  and 
voltage  ranges,  k'acli  quad  transistor  oi'ray  contains  two  gold-doj'cd 
transistors  and  two  non-gold-doped  transistors.  One  non-gold-doped 
and  one  gold-doped  transistor  of  each  NPK  ai'ray  have  Dciiottky  diodes 
build  into  thcii'  Culloctors  but  iioi,  I’oniiected  to  the  base.  Tb.c  DND 
oi'i'tiq's  contain  rogulfU'  I'N  Junction  diodes  since  useful  OclioLtky  diodes 
cannot  be  fabricated  on  the  p-typo  collector  material.  A  schcJuatic 
represontatio;;  of  the  MI’N  array  is  shown  in  Figure  P..  Tlie  actual  arrays 
contain  fourteen  gold  beam  leads  and  the  silicon  oiiip  size  is  .  0)(C"x.  OIO”. 
In  breadboard ing ,  only  one  or  two  devices  from  each  quad  are  noi'jiially 
used . 


In  ordei'  to  gain  Llie  statistical  confidence  required  for  cojnputer 
modeling,  three  different  lots  of  each  of  the  twelve  transistor  types 
have  been  processed.  irom  each  lot  hOO  arrays  (ll,)i00  total  units)  wore 
obt  ained.  half  of  cacli  group  was  packaged  in  au;uL-in-l  ine  j'ackages. 

'I'he  dual -tn-1  ine  units  aj'e  useful  in  convoiitional  breudboai'ds  and  in 
deviCi;  characterization  l>y  automatic  testers. 

'J'he  second  j’ortion  of  tl'c  DJAMOHU  development,  will  consist  of  the 
fitandard  Payout  DIAMOND  (DPD).  Ou  tills  chip  will  be  a  collection  of 
tlii'ee  current  I'angos  of  t  i-ansi  ators ,  diffused  resistors  and  cro.ss-unders . 
These  circuits  will  be  sleeked  by  the  supplier  with  all  the  processing 
complete  except  the  final  metallisation.  If  an  integrated  circuit  can 
be  realized  using  only  componojits  from  this  collection,  intereonnoction 
instructions  ai'e  sent  to  t.hc  supplier  who  tlirn  applies  the  appropriate 
metal]  iz.at ion  for  the  particular  uiq>Iication.  In  this  manner,  small 
quantities  of  fully  characterized  Integrated  circuits  may  be  obtained 
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(luiokly  Ca.rprQi.ijuatcly  li  Vi;cka)  and  at  low  coat  Ca  few  thouaand  dollava) 

A  tojitativc  druwiin?  of  the  Standard  Layout  DJJ^MONl'  conatructed  oii 
the  Goiidia  iiitci’activc  graphics  facility  is  shown  In  Ftgui'c  3. 

If  the  ULIC^  and  fi&ndia  Video  Ampllfici’^*  had  bm-'ii  fnbrlc«ted  from 
DiTVMOND-chai'aotej'izcd  discrete  devices,  they  would  he  cjtamplcr  of  Custojii 
DIAMOND  circuits.  Development  times  for  these  types  of  circuits  should 
be  16  to  20  weeks,  tuid  even  thougli  the  cost  will  be  more  than  that  of 
SLD's,  it  will  be  considerably  less  tlian  a  cotivcntional  custom  hardened 
circuit. 


DKVICK  PKRFOliMANCt; 

Table  1  shows  typical  device  performance.  Tlic  typ'ical  values  given 
are  the  i reradiation  values  of  the  non-gold-dopod  units.  Although 
arrays  of  all  of  the  tjl'es  have  not  been  received  or  irradiated  at  the 
time  oi  this  Writing,  i  igurcs  I  aiid  b  aliow  tne  perfoi'jaujueb  nf  oai'ly 
prototype  versions  of  tlie  10  \olL  NDN  OiiiA  and  lOinA  transistors  versus 
neutron  dose. 
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ABSTRACT 

A  compatible  multilayer  interconnection  system  including  the  for¬ 
mation  of  cantilevered  aluminum  beams  for  interconnection  of  standard 
chips  or  very  large  LSI  wafers  is  described.  This  packaging  technique 
has  all  the  advantages  of  an  all-aluminum  system  with  the  possibility  of 
semiautomation. 


INTRODUCTION 

Tliis  paper  describes  a  technique  of  interconnecting  any  type  cf  off- 
the-shelf  integrated  circuit  with  aluminum  cantilevered  beams  that  is 
integral  to  the  metallization  on  the  two  surfaces  of  a  flexible  film 
through  the  elimination  of  flying  v/ire  bonds.  The  technique  is  used 
before  the  integrated  circuits  are  mounted  backdown  in  intimate  contact 
to  a  heat  sinking  substrate.  This  method  of  subsystem  packaging,  for 
military  or  commercial  application,  may  utilize  double-sided  or  three- 
layer  construction.  The  beam  le.id  and  bumped  flip- chip  integrated 
circuits  suffer  from  the  disadvantage  tliat  the  active  surfaces  of  the 
1/ C's  are  not  visible  for  inspection  and  test,  and  are  not  effectively 
cooled. 


DESIGN  CONt>Iilt,KAT  IUNS 


Gene  ral 


New  techniques  for  device  attachment  to  flexible  Kapton  film  were 
developed  with  provisions  for  backdown  mounting  of  the  interconnected 
devices.  These  techniques  required  etching  of  0.  005-inch  Kapton, 
fabrication  of  cantilevered  aluminum  beams  on  Kapton,  and  mounting 
of  the  preconnected  chip  arrays  to  alumina  substrates. 
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Beam-Leads  on  Kaptoii  for  Device  Attachinent 


The  requirement  that  devices  be  mounted  face  up  on  substrates 
wliile  being  interconnected  by  double-  sided  metallized  Kapton  film 
places  certain  restrictions  on  the  geometry.  The  design  of  the  carrier 
provides  cantilevered  beams  extending  over  large  etclied  windows  in  the 
Kapton  film  for  attachment  to  the  devices.  This  allows  for  device  ' 

removal  after  all  bonding  is  completed.  The  film  is  also  attached  to  the 
substrate  by  bonding  the  aluminum  on  the  lower  side  of  the  Kapton  to  the 
substrate  so  the  beam  leads  arc  not  stressed.  The  thick  flexible  film 
(0.  005  inch)  approximates  the  device  thickness  and  the  flexibility  of  the 
beams  enables  stress  loops  to  be  formed  to  accommodate  any  slight 
misalignment.  Figure  1  illustrates  the  method  used  to  connect  to  the 
devices. 

Circuit  Selection 

A  sense  amplifier  circuit  was  designed,  breadboard  tested,  and 
fabricated  in  final  form  as  part  of  the  verification  of  the  cantilevered 
beam  for  the  multilayer  hybrid  packaging  technique. 

1 

Conductor  Deposition 

T ne  vacuum  equipment  used  consisted  of  a  26-inch-diameter  stain¬ 
less-steel  bell  jar,  a  1  0- inch-diameter  oil  diffusion  pump,  and  a  film 
thickness  monitor.  Figure  2  shows  the  electron  beam  evaporation 
system. 

One  of  the  primary  goals  was  to  produce  aluminum  films  that  liave 
good  adliesion  to  Kapton.  The  cleaning  procedure  which  proved  most 
effective  consisted  of  outgassing  the  Kapton  by  placing  it  in  the  chamber 
and  pumping  to  a  pressure  between  1  x  10~^'  ton-  to  5  x  10"^  torr  with 
500  watts  dissipated  by  heaters  placed  2-1/2  inches  above  tlie  Kapton 
film.  Omitting  the  initial  outgassing  step  invariably  produced  poor 
aluminum  adhesion.  After  this  outgassing,  Uie  sheet  was  removed  for 
further  cleaning,  reinserted  in  tlie  chamber,  and  pumped  to  a  pressure 
somewhat  higher  tlian  tlie  initial  outgassing  pressure  for  the  aluminum 
deposition. 

In  order  to  etch  tlie  through  holes  in  Kapton  film,  both  sides  of  a 
10-inch  sheet  were  deposited  v'ith  about  0.  004  inch  of  aluminum. 

After  one  .side  was  coated,  the  sheet  was  removed  from  the  vacuum 
chamber  and  to  attach  the  lower  aluminum  layer  on  the  Kapton  to  the 
gold  layer  on  the  ceramic  substrate.  Access  holes  were  etclied  in  the 
Kapton  from  the  top  down  to  the  lower  aluminum  layer.  These  holes 
w'crc  etched  when  the  rectangular  chip  access  holes  were  etched  from 
the  bottom  side  up.  The  thermal  compression  bonds  were  made  with  a 
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wire  bonder.  The  substrate  was  held  at  200°C  and  the  capiDary  was 
held  at  350”  C. 

A  SECOND  APPLICATION 

Another  application  for  the  technique  of  etching  aluminum  conduc¬ 
tors  on  flexible  film  is  interconnecting  a  3-inch-diaineter  wafer  or  sub¬ 
strate  to  its  package.  The  initial  interconnection  concept  consisted  of 
0.  001 -inch-tliick  pure  aluminum  conductors  cantilevered  over  both 
edges  of  the  film  for  interconnection  to  the  substrate  at  one  edge  and  to 
the  package  pads  at  the  other  edge.  Tliis  configuration  yields  repeat- 
able  tight  tolerance  (hence  constant  capacitance)  of  relatively  long  con¬ 
ductors  which  can  be  of  considerable  importance  in  high-speed  appli¬ 
cations.  Part  of  figure  6  shows  this  initial  design. 

The  second  interconnection  technique,  which  is  rather  unique,  is 
called  the  removable  carrier  design.  The  deposition  and  etching  pro¬ 
cesses  are  essentially  the  same  as  described  in  the  first  part  of  this 
paper.  The  difference  is  in  tlie  geometry  of  the  finished  aluminum 
beams  and  the  Kapton.  The  aluminum  leads  are  cantilevered  over  a 
window  etched  in  the  Kapton  film.  Once  the  part  is  in  position,  the 
bonds  are  made  inside  the  window  where,  the  beams  are  hanging.  The 
Kapton  is  then  pulled  away,  leaving  only  aluminum  beams  as  shown  in 
figure  7.  Note  that  the  beams  have  separated  outside  the  bond.  The 
most  obvious  advantages  of  the  removable  film  carrier  design  are  that 
tiiorc  is  no  Kapton  in  the  final  assembly  and  that  the  beams  are  better 
protected  during  handling  since  the  ends  of  the  beams  are  not  free  as 
in  the  initial  design.  Figure  8  shows  the  ultrasonic  bonder  with  tlie  tip 
in  operation  to  interconnect  the  large  modular  package. 

Cantilevered  beam  interconnections  0.  010-  x  0,  001 -inch  in  cross- 
section  can  attai.'.i  a  pull  strength  of  between  80  and  82  grains.  Com¬ 
pared  to  gold  flying  wire  bonding,  the  advantage  in  specific  strength  is 
over  four  to  one. 

CONCLUSIONS /SUMMARY 

The  teclinique  of  using  cantilevered  aluminum  beams  was  devised 
to  provide  multilayer  capability  with  a  reduced  number  of  interconnec¬ 
tions.  This  method  of  microcircuit  packaging  uses  the  two  layers  cn 
the  Kapton  to  replace  gold  wire  connections.  The  face  up  mounting  of 
the  chips  provides  good  heat  transfer,  ease  of  inspection  and  test,  and 
in-process  replacement  capability. 
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The  aluminum  beani  lead  caiTicr  used  to  connect  a  wafer  or  a  sub¬ 
strate  to  a  package  was  developed  to  provide  a  reliable,  radiation- 
hardened,  low-cost  interconnection  technique.  The  vapor  deposited 
metal  can  be  chosen  to  conform  to  other  materials  in  the  package  and 
the  photoetching  teclmiques  lend  themselves  to  speed  and  accuracy. 
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Figure  1.  Cross-Section  of  Face-Up  Device  Bonding 


300 


7I-I4I0-PA-20 


Figure  3. 


ELclied  Aluminum  Circuit  on  Kapton 


Figure  4.  Closeup  of  Same  Bonded  Chip 
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Figures.  Assembled  Scnt;e  An:iplificr 
Note:  Cantilevered  beams  are  4  mils  wide  by  16  mils  long 
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Figure  6.  Comparison  of  Interconnection  Designs 
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ABSTRACT 


Results  of  ail  evaluation  of  one-mil  gold  wires  as  used 
for  intracoiuieetioni  in  hybrid  microcircuits  fo?'  Itlgh 
acceleration  attilleiy  shell  applications  aie  reported. 

Wire  oriontatiou  and  length  control  arc  necessary  ft'r 
successful  use  in  (liis  onviroitmcnt. 
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INTROiniCTJON 


Since  hybrid  inj  croei  icul  1 6  wcn'  fliet  produced  in  indusLiy,  one-mil 
(0.001  inch)  gold  wircB  luivc  been  favored  lor  rensonnhly  reliable  intra- 
connections  on  liylirid  miciociicuii  (IIMC)  subatrotca.  They  liave  l)ecn  used 
for  the  elecLricol  connections  oi  nearly  all  types  of  nppliqne  devices 
such  as  chip  capacitors,  t tans  is t ora ,  and  even  chip  lesistois. 

Cold  wires  have  been  piipnlar  because  oi  their  ease  of  handling,  tlieii 
compatibility  with  tbe  wide  range  of  materials  usually  centered  ai oniid  a 
gold  Him  system,  and  tlic  lum-critical  nature  ol  bonding  parameters, 
espeeially  wlien  compared  to  other  t  eclin  Jqiies .  In  addition,  a  level  of 
gold  wire  bond  integrity  can  be  estahlisheu  by  a  high  level  centrifuge 
with  forces  in  such  a  direction  os  i  ii  lilt  llic  wires  from  tlie.  substrate 
or  compouonts .  Figure  1  depieta  this  force  ajip I ica t ion. 

The  latter  advantage  is  a  disadvantage  when  the  forces  are  in  tlie 
wrong  direction.  For  exami'le,  it  tlie  1  orees  of  the  centrifuge  were 
against  the  wire  loop  (Figure  2)  the  lack  oi  bending  strength  in  the  gold 
could  allow  it  to  collapse  to  tlie  substrate  surface  causing  possible 
electrical  shorting  to  suhstiate  metallizai.ion  or  the  component  edge. 

The  same  problem  can  occni  with  application  of  high  level  forces 
in  other  directions,  liiuler  tlicse  conditions,  the  wire  loops  can  move  to 
the  side  01  end,  causing  (lossihlc  shorting  to  other  electrically  conducting 
components . 

Despite  this  movemeiu  that  can  be  experienced,  the  wire  bonds  them- 
iclves  can  be  «.'xi'ected  to  retain  tlieir  oiiginal  configuration  through 
reasonably  liigli  force  levels,  i.o.,  In  excess  of  20,000  g.  Tluis,  if 
gold  v'ire  mover, ii.nt  coulvl  be  cuntiollcd  in  high  accelointion  i  nvi  ronnients , 
their  use  in  fore  levels  in  exccess  of  that  to  bend  tlie  gold  wire  is 
posg Ible . 

To  evaluate  fully  the  gold  wires  in  oriciitaiions  whore  collapse  is 
possible,  a  centrifuge  test  was  established  where  controlled  forces  could 
bo  placed  on  the  llMC's  sad  the  results  monitored  after  each  of  the  force 
s  tops . 


tONCI.UyiONS 

This  evaluation  showed  a  deiiniie  ditfereiice  in  ib.e  gold  wire 
capabilities  in  relation  to  its  orientation.  The  one -mi  1  gold  wires, 
wlio'i  controlled  to  0.050  inch  between  bonds  and  a  height  of  0.015  inch 
can  withstand  side  forces  (Figure  3h)  up  to  1A,000  g.  The  same  wire 
with  forces  pusliing  down  (Figure  3a)  can  be  used  to  lb,00C  g  and  when 
subjected  to  forces  in  its  longitudinal  direction  (Figure  3c)  up  to 

20,000g. 

This  report  also  investigates  the  olfoci  of  over  all  wire  Icngili 
on  the  ability  oi  the  wire  to  withstand  forces  in  the  various  direction.^. 
As  might  ho  expected,  wire  length  is  a  critical  parameter.  Wires  80-mi  Is 
long,  del  looted  at  only  lOjOOOg. 
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The  force  level  Is  also  au  inporiant  C.ictov  in  the  amouiu  of  deflection. 
The  wire  docs  not  Just  collapse  wliesi  it  reaches  its  yield  point.  Instead, 
it  moves  n  little  at  that  force  level  end  tlien  a  little  more  at  the  next 
force  level.  In  few  cases  did  the  wire  teach  total  collapse  at  the  levels 
tested . 


ThlST  rROCthUKi: 


Ninety  7/8  by  7/8  inch  intcgrol  packages  (leads  attached  directly  to 
the  substrate)  with  lOb  one-mil  gold  wires  bonded  at  each  end  with  a 
natural  loop  between  bonds  and  180  5/8  by  5/8  inch  intogia  1  packages  with 
50  one-mil  gold  wires  bonded  at  each  end  with  a  natural  loop  between 
bonds  were  exposed  to  centrifugal  forces  (Kigure  <!i)  .  This  provided  a 
sample  of  18,450  wires  which  were  bonded  at  one  end  with  a  tl'.crmoconipressi  on 
ball  bond  and  at  the  other  end  with  a  thermocomp rcas ion  wedge  bond.  Figure  5 
sliows  a  typical  wire.  The  packages  were  obtained  Irom  a  conineicial 
supplier. 

At  the  suppliers  facility,  all  units  weic  centrifuged  at  20,000g  in 
such  a  direction  as  to  lift  Lite  wires  from  tlie  subsiratc  (soeli  as  shown 
in  figure  1).  Upon  receipt,  all  units  were  tested  loi  contimiity.  These 
tests  continued  the  bond  integrity  ol  tlie  wire  strings. 

Each  size  packag<'  was  divided  into  tliroe  groups  for  eeniiifuge, 
corresponding  to  the  centrifuge  directions  of  Kignre  3.  Kaeli  g'oup 
was  then  centrifuged  in  tlic  corresponding  orientation  of  tlu'  arrows 
(Figure  3)  at  levels  of  10,000,  12,000,  14,000,  lO.OOC,  20,000,  and  25,OOOg. 

After  eaeli  iiurement  of  force,  <-a':h  package  \;as  x-rayed  to  allow 
usual  oxaniinciLion.  This  should  di:tc-ct  mujoi  wiie  niuvemeut  that  oeeut  red 
during  that,  level  ef  cent  r  i  f  iigi  ng .  In  addition,  to  verily  bond  integrity, 
an  electrical  continuity  check  was  made. 

Prior  to  lidding  the  hybrid  packages  at  the  suppliers  plant,  plioio- 
graphs  were  made  of  each  substrate.  These,  plus  initial  x-rays,  were  tlic 
basis  for  luonicoring  wire  movement  after  each  centrifuge  step. 

The  contract  for  HMt:  p.ickages  specified  0.050  inch  between  bonds, 
however,  not  all  bonded  substrates  fulfilled  Ibe  specification  as  on  many 
substrates,  the  bond  center.s  were  well  beyond  the  0.050  inch  specified. 

These  substrates  were  o.sed  aiiynjay  because  the  different  length  wires 
could  provide  useful  information  for  comparison  at  one  centrifugi'  Kvel. 

TEST  RESULTS 

The  results  of  the  centrifuge  evaluation  with.in  the  ditfereut  orienta¬ 
tion  groups  Wire  much  t'.ie  same.  Thus,  only  a  representative  sample  will  bo 
discussed.  The.  order  of  discussion  will  be  for  tliose  with  forces  as 
siiown  in  Figures  3h,  then  3a,  and  finally  3c. 

Figure  b  shows  a  typical  package  with  the  forces  pnsbing  to  tlie  side. 
Tlie  superimposed  photcigraphs  arc  made  by  overlaying  tbe  x-ray  negative 
belore  cciurifugo  with  that  after  centrifuge.  Tliis  particul.ai'  ILMC  has 
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several  long  wires  apparently  formed  when  tlic  original  bonds  were  reworked. 
As  shown  by  the  superimposed  x-rays,  these  longer  wires  deflected  after 
the  lOjOOOg  centrifuge  level.  Minor  movement  of  the  shorter  wires  con 
be  noted  after  16,000g  with  a  pronounced  movement  of  some  of  the  shorter 
wires  noticably  deflecting  after  25,000g. 

V.'ith  forces  pushing  the  wares  toward  the  substrate,  the  gold  wire 
capability  is  greater  than  with  side  forces.  Figure  7  shows  distortion  in 
this  direction  only  above  20,000g.  Then,  the  occurance  is  only  with  tlic 
longer  wires. 

The  effects  of  up  to  25,000g  imposed  on  the  longitudinal  direction  of 
the  wires  produced  no  observable  distortion  in  any  of  the  units  tested. 

This  is  true  even  with  those  units  containing  abnormoliy  long  wires. 

Some  care  sliould  be  taken  ir.  assuming  that  little,  if  any,  distortion 
of  the  gold  wiic.'i  occurred  during  the  last  two  discussed  directions,  i.c., 
tlie  forces  pushing  the  wires  down  or  endwise.  Tin-  x-rays  and  pliotograplis 
are  all  from  a  vertical  direction  and  would  sliow  only  a  twisting  or 
deflecting  action  of  the  wire.  Wire  movement  only  in  the  verticle  plane 
would  not  be  discernible.  Sucli  possible  motion  is  depicted  in  Figure  2. 

This  did  in  fact  happen  on  some  of  tlie  longer  wires  (Figure  8).  It  is 
interesting  to  note  that,  of  those  wires  observed  to  have  deformed  in 
this  fashion,  there  was  still  separation  betw«;en  the  wire  and  tlie  substrate 
surface.  Samples  were  selected  from  the  group  after  16,000g  and  20,000g 
for  an  open  lid  examination.  The  verticle  motion  of  tne  wires  witli  a 
force  to  push  them  to  the  substrate  could  not  be  observed  at  less  than 
20,COOg.  Motion  of  the  wires  with  loiigitiictinal  forces  wore  not  obsc.riud 
below  the  25,000g  level. 

A  sample  of  three  packages  and  293  wires  was  taken  on  those  units 
with  forces  pushing  to  the  .side.  Each  wire  was  straightened  and  measured 
for  length.  From  the  x-rays,  it  vaas  then  determined  at  what  level  the  wire 
deflected.  Figure  9  is  a  plot  of  the  average  values  and  the  range  at  each 
level.  The  end  points  on  each  range  can  usually  be  related  to  an  iniusu.il 
shape  or  excessive  loop  height.  At  12,000g,  there  is  ona  wire  at  55-nuls 
lo.ng;  the  next  shortest  to  b(  -1  at  this  level  was  63-mi  Is  long.  Discount¬ 
ing  this  one  poioc,  any  wire  less  than  59-mj Is  in  total  length  should  be 
capable  of  withstanding  lA,000g  side  acceleration.  Fifty-nine  mils  would 
typically  be  a  wire  50-mil,s  '--tween  bonds  with  a  lb-mil  loop  heiglit. 

APPLICATION 

Tlie  need  for  this  evaluation  arose  due  to  a  hybrid  microcircuit 
application  in  an  artillery  shell.  The  setback  forces  di'ring  firing  and  tne 
rotational  forcer  din-  to  projectile  spin  were  extremely  high.  Tlie 
evaluation  showed  that  the  wires  would  not  withstand  the  worst  case 
conditions  of  either  the  spin  or  setback  forces  when  the  forces  were 
in  a  direction  to  push  the  wires  to  the  side.  To  counter  this  problem, 
tiic  liybrid  microcircuits  layouts  were  changed  froni  a  random  array 
(Figure  10)  to  one  wlicro  tlie  one -mi  1  golu  wires  were  all  oriented  in  the 
same  dirccticm  ('’igure  11).  In  conditions  where  this  was  not  feasible  or 
long  -wires  were  neccs.sary,  threc-niil  aluminum  wire.s  were  used.  Tills  was 
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possible  because  ol  the  lower  mass  and  greater  bending  strength  in  com¬ 
parison  with  gold.  The  single  direction  of  the  gold  wires  then  allows 
an  orientation  within  the  artillery  projectile  so  that  side  forces  will 
not  be  experienced. 
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Figure  2. 
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Direction  of  arrow  points 
to  center  of  centrifuge 

Figure  3.  Centrifuge  force  directions 
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ENGINEERING  STUDY  OF  DEVELOPMENT  OF  TWO-LEVEL 
ANODIZED  A1  INTERCONNECTS  FOR  MSI  AND  LSI 

by  B,  G.  Carbajal  and  W.  R.  McMahon 

Texas  Instruments,  Incorporated 

Dallas.  Texas  75222 


ABSTRACT 

This  study  covers  the  process  development  for  two-level  anodized 
aluminum  interconnects  suitable  for  LSI  integrated  circuits,  included 
in  this  study  is  a  reliability  evaluation  and  a  comparison  with 
conventional  two-level  aluminum  interconnect  systems. 

Multilevel  aluminum  interconnect  systems  have  been  traditionally 
plagued  by  open  metal  problems,  interlevel  shorting  problems,  and 
interlevel  contact  resistance  problems.  These  problems  are  all 
indirectly  the  result  of  conventional  interconnect  processing  in  which 
metal  films  and  insulator  films  are  deposited  and  then  selectively 
removed.  The  development  of  aluminum  anodization  as  a  useful  method  of 
defining  interconnect  systems  has  opened  the  way  for  the  development  of 
a  multilevel  aluminum  interconnect  system  that  is  free  from  these 
problems.  A1  anodization  is  a  conversion  process  not  a  subtractive 
process  in  which  selected  areas  of  aluminum  metal  are  converted  to 
aluminum  oxide  insulating  layers.  This  conversion  process  yields  a 
monolithic  conductor-insulator  system,  that  is  basically  flat  and  does 
not  suffer  from  the  deficiencies  incurred  in  conventional  aluminum- 
silicon  oxide  multilevel  interconnect  systems. 

The  anodization  process  can  be  carried  out  in  a  series  of  electro¬ 
lyte  baths.  The  electrolyte  used  in  this  study  consists  of  an  oxalic 
acid  solution  in  ethyl  alcohol.  The  anodic  process  was  carried  out  at 
room  temperature  with  an  applied  dc  potential  of  125V.  Under  these 
conditions  the  rate  of  anodic  conversion  of  metallic  aluminum  to  the 
oxide  is  4  micro  inches  per  minute. 

The  anodic  process  sequence  is  outlined  in  Figure  1.  The  process 
sequence  uses  steps  similar  to  those  used  in  conventional  multilevel 
interconnect  systems,  but  the  order  in  which  the  process  steps  are 
carried  out  is  in  some  cases  reversed.  Step  1  involves  the  definition 
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of  the  first  to  second  level  via  holes.  Step  2  involves  the  definition 
of  the  leads,  the  secon  '  and  subsequent  levels  of  interconnects  are 
formeo  by  iterations  of  this  process.  Note  that  the  aluminum  leads 
are  imbedded  in  and  overcoated  with  aluminum  oxide.  Also  note,  that 
the  first  to  second  level  contact  via  holes  are  fonned  in  place,  not 
by  an  etching  operation.  The  patterns  are  defined  using  conventional 
photolithography. 

Figures  2  and  3  show  areas  of  a  two-level  test  pattern.  Figure  2 
is  a  test  pattern  in  which  the  first  level  interconnect  is  formed  by 
aluminum  anodization.  Figure  3  is  the  same  test  pattern  in  which  the 
first  level  interconnect  is  formed  by  conventional  etching  techniques 
and  the  insulation  layer  is  deposited  silicon  dioxide.  Note  in 
particular  in  the  scanning  electron  micrographs  the  absence  of  steps 
at  the  metal  crossover  points  on  the  anodized  aluminum  samples.  Also 
note  the  interlevel  contact  points  in  the  anodized  aluminum  test  pattern 
shown  in  Figure  2  exhibits  an  almost  planar  structure  both  at  the  metal 
edges  and  at  the  interlevel  contact  points.  This  planarity  of  the 
anodized  surface  is  a  critical  factor  in  eliminating  the  open  metal 
problem  and  the  interlevel  shorting  problem.  The  interlevel  contact 
resistance  problem  has  been  significantly  impacted  by  eliminating  the 
etching  operations  normally  used  to  open  the  contact  window. 

Preliminary  data  indicates  an  improvement  in  the  mean  time  to 
failure  for  anodized  aluminum  leads  vs.  conventional  aluminum  leads 
under  high  current  stress  conditions.  Other  preliminary  data  indicates 
that  the  anodized  aluminum  structure  offers  nooii  barrier  properties  to 
ionic  contaminants  that  affect  integrated  circuits. 
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ALUMINUM 


gure  2  -  Two-Level  StrjctL/re-Anodi c  Process 


TlME-SliARED  CIRCUITS 

William  H.  Licata 
Kaval  Ordnance  Laboratory 


A  circuit  has  been  designed  to  generate  the  vector  sum  oi  two  DC 
input  signals  using  a  time-shared  multiplier.  It  has  been  shown  that 
special  analog  modules  can  be  used  in  a  time-shared  mode  with  savings 
in  cost,  size,  and  power  consumption.  Increased  accuracy  may  also 
result. 


INTRODUCTION 

The  Investigation  of  time-sharing  techniques  appj ied  to  analog 
circuit  modules  was  motivated  from  a  system  design  standpoint.  It  is 
hoped  that  the  development  of  this  idea  can  greatly  increase  the 
flexibility  of  analog  guidance  computers  and  reduce  total  hardware  cost. 
Although  a  multiplier  was  used  in  the  vector  summer  circuit,  many  other 
analog  and  probably  digital  circuits  can  be  used  in  a  tim.e-shered  mode, 

TIHE-SHARt’D  CIRCUIT 

Analog  guidance  computers  require  many  special  computational 
circuits.  One  such  circuit  is  a  vector  summer  circuit  which  calculates 
the  square  root  of  the  sum  of  the  squares  of  two  numbers.  This  function 
could  be  instrumented  using  three  analog  multipliers  and  two  operational 
amplifiers.  Two  multipliers  would  be  used  as  squaring  circuits  and  the 
third  would  be  used  as  a  square  root  circuit.  This  circuit  approach  is 
.straightforward  and  no  design  problems  would  be  anticipated. 

To  perform  the  desired  circuit  function,  it  was  decided  to  use 
only  one  multiplier  in  a  time-shared  mode.  This  means  multiplexing  the 
input  signal  to  the  multiplier  and  demultiplexing  the  multiplier  output. 
The  square  root  function  can  be  accomplished  using  the  multiplier  as  a 
squaring  circuit  in  the  feedback  loop  of  an  integrator.  This  means  the 
multiplier  will  always  be  used  as  a  squaring  circuit.  In  other 
applications,  it  might  be  necessary  to  change  the  operating  mode  of  the 
multiplier  to  perform  multiplications,  divisions,  and  obtain  powers. 

The  main  addition  in  circuitry  to  the  multiplier  and  operational 
amplifiers  is  the  timing  circuits  needed  to  sequence  the  multiplier 
through  the  different  operations.  Given  so.ne  base  time  interval,  the 
interval  is  divided  into  four  subintervals.  Each  channel  of  the 
multiplier  will  be  on  during  one  subinterval  and  off  for  the  remaining 
three  intervals.  Only  three  squaring  operations  are  needed,  so  the 
fourth  chai'.nel  is  a  spare.  To  prevent  coupling  between  the  channels, 
care  must  be  taken  to  ensure  the  timing  signals  do  not  overlap. 
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To  generate  tlie  four  timing  signals,  a  square  wave  oscillator  and 
soma  digital  logic  is  needed.  The  oscillator  provides  a  base  frequency 
and  specifies  the  base  time  interval.  The  oscillator  output  drives  a 
toggle  flip-flop  which  acts  as  a  frequency  count  down  circuit.  This 
lower  frequency  signal  drives  a  second  count  down  circuit  and  provides 
a  third  square  wave  at  1/4  the  base  frequency.  By  comparing  the  base 
frequency  and  subfrequencies  using  NOR  gates,  the  four  timing  signals 
shown  in  Figure  1  are  generated.  The  base  frequency  is  shown  as  1  kHz, 
and,  therefore,  the  base  time  interval  is  1  ms.  Each  channel  is 
therefore  on  for  1/4  ms  and  off  for  3/4  ms  every  millisecond.  The 
schematic  of  tlie  timing  circuit  is  shown  in  Figure  2. 

Since  each  channel  is  not  on  continuously,  the  three  multiplier 
outputs  must  be  stored  over  the  3/4  ms  when  the  channels  are  off.  This 
is  accomplished  using  a  simple  Jiold  circuit.  The  hold  circuit  consists 
of  a  capacitor  connected  across  the  input  Of  an  operation  amplifier  used 
as  a  follower.  The  amplifier  is  used  to  provide  a  high  impedance  load 
to  the  capacitor  and  to  provide  a  low  impedance  output.  The  capacitor 
charge  time  should  be  small  and  the  discharge  time  long.  If  the  base 
frequency  is  increased  the  operational  amplifier  can  be  eliminated.  The 
capacitor  is  then  shunted  by  the  input  impedance  of  a  summer  circuit. 

The  discharge  time  may  be  long  compared  to  the  base  time  interval.  There 
arc  trade-offs  which  can  be  made  and  other  problems  are  encountered  if 
the  base  frequency  is  made  too  high. 

The  main  circuit  is  shown  in  Figure  3  and  requires  a  ±15V  power 
supply.  The  timing  circuit  in  Figure  2  also  operates  off  +15V  and, 
therefore,  contains  a  +5V  regulator  to  supply  the  logic  voltage.  A 
modified  version  of  the  timing  circuit  uses  Cus/MOS  logic  which  can 
operate  off  +15V.  The  power  consumption  of  the  COS/MOS  logic  is  also 
much  less  than  the  transistor  logic.  The  multiplexing  is  accomplished 
using  FET's  as  analog  switches.  To  pass  +10V  signals,  the  gate  voltage 
of  the  FET's  must  switch  between  ±15V'.  The  logic  voltage  is  too  small 
to  drive  the  FET's  directly  and,  therefore,  operational  amplifiers  must 
be  added  to  the  timing  circuit  to  boost  the  .logic  voltage.  In  a 
practical  circuit  the  operational  amplifiers  would  be  replaced  by  a 
simple  transistor  or  FET  amplifier.  In  practice,  one  timing  circuit 
may  drive  many  time-shared  circuits.  This  is  w’hy  the  total  circuit  is 
divided  into  two  parts. 

Table  1  shews  some  typical  test  data.  When  both  inputs  are  zero  a 
fairly  large  bias  is  present.  This  is  to  be  expected  since  the  square 
root  of  a  small  number  i.s  larger  than  the  number  itself.  With  a  bias  of 
,01V,  a  .IV  offset  can  be  anticipated  at  the  output.  The  accuracy  of 
the  data  is  better  than  anticipated.  One  possible  reason  for  tliis  is 
that  the  same  multiplier  is  used  to  calculate  the  square  and  square 
root.  The  effect  of  inaccuracies  is  opposite  when  taking  squares  and 
square  roots.  There  may  be  some  cancellation  of  errors. 

One  possible  way  to  improve  circuit  accuracy  is  to  use  the  spare 
channel  to  cancel  the  multiplier  offset.  The  input  to  the  spaure 
channel  is  grounded  and  the  output  is  stored.  This  output  voltage  will 
be  the  multiplier  offset.  It  can  be  suljtracted  from  the  other  three 
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outputs.  Doing  this  continuously,  the  circuit  tracks  variations  in  the 
multiplier  offset.  At  present,  this  is  not  done.  Other  errors  predom¬ 
inate  and  the  effect  of  the  multiplier  offset  is  masked  out  by  these 
other  erj  ors . 

At  the  moment,  the  primary  problem  area  in  improving  the  circuit 
performance  is  cross  coupling  between  the  channels.  The  multiplier 
used  has  a  100  kHz  bandwidth,  but  the  sampled  output  signal  is 
distorted  slightly.  The  output  of  the  multiplier  is  a  staircase  type 
of  function.  Tlie  corners  of  the  output  function  are  rounded  off  due  to 
high  frequency  attenuation,  but  of  more  importance  is  the  phase  shift 
introduced.  The  output  of  the  multiplier  is  shifted  slightly  in  phase 
from  the  input.  This  means  the  output  is  slightly  out  of  phase  with 
the  timing  signals  causing  cross  coupling  between  the  channels.  To 
overcome  this,  the  timing  signals  to  the  FET's  at  the  multiplier  output 
should  be  shifted  an  equal  amount  in  phase.  This  m^ane  adding  a  low 
pass  filter  which  matches  the  frequency  characteristics  of  the  multiplier. 
Besides  cross  coupling  of  the  channels  no  other  real  problems  were 
encountered.  Variations  in  base  frequency  are  not  important.  An 
unsymetric  square  wave  signal  out  of  the  oscillator  causes  short  periods 
of  time  when  no  channel  is  on.  This  causes  ±J,5V  spikes  in  and  out  of 
the  multiplier.  Adding  a  capacitor  across  the  input  of  the  amplifier 
driving  the  multiplier  eliminates  this  problem. 

In  conclusion,  it  is  felt  that  it  has  boon  demonstrated  that 
special  ar.alog  modules  can  be  used  in  a  time-shared  mode.  The  bread¬ 
board  unit  described  in  this  paper  is  shown  in  Figure  3.  A  small 
reduction  in  cost  of  about  $20  was  realized.  Larger  reductions  in  costs 
appear  when  many  time-shared  circuits  appear  in  a  system.  The  cost  of 
the  timing  circuit  is  distributed  over  many  circuits.  A  size  reduction 
is  achieved  due  to  the  large  size  of  the  multiplier  in  comparison  to 
the  digital  logic  and  operational  amplifiers.  Also  a  small  savings 
in  current  drain  was  realized.  Although  the  study  of  time-sharing 
analog  mod'  les  was  motivated  from  a  systems  standpoint,  it  does  appear 
to  hold  out  some  promise  for  improved  circuit  accuracy  and  much  more 
flexibility  in  designing  complex  computational  modules. 
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Table  1 


ACCURACY  DATA 

X 

Volts 

Y 

Volts 

(X^  +  y2,1/2 

Volts 

True  Value 
Volts 

0 

0 

.01 

0 

0 

1 

.99 

1. 

0 

o 

1.99 

2. 

0 

3 

2.99 

3. 

0 

-1 

.98 

1. 

0 

-2 

1.99 

2. 

0 

-3 

3.00 

3. 

1. 

1. 

1.41 

1.41 

2, 

2. 

2.83 

2.83 

3. 

3. 

4.24 

4.24 

4. 

4. 

5.64 

5.66 

5. 

5. 

7.05 

7.07 
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DEVICE  IMPLICATIONS  OF  ION  IMPL/JJTATION  DAMAGE  IN  SILICON 


D.  Eirug  Davies  and  S.  Roosi Id 

Air  Force  Cambridge  Research  Laboratories 
Air  Force  Systems  Command  '■ 

L.  G.  Hanscom  Field,  Bedford,  Massachusetts  01730 


Abstract  -  Thermal  stimulated  current  and  diode  recovery  measurements 
are  presented  for  ion  implanted  silicon.  The  results  are  used  to 
evaluate  device  possibilities  such  as  bipolar  transistors  and  hyper- 
abrupt  diodes  wliere  control  of  implantation  damage  is  critical. 

Ion  implantation  offers  a  doping  method  that  promises  to  extend 
the  current  state  of  the  ar*"  of  both  discrete  devices  and  integrated 
circuits.  The  advantages  of  the  precise  control  attainable  over  the 
total  dopant  dose  introduced  together  with  the  extreme  uniformity  in 
both  depth  of  penetration  as  well  as  laterally  over  an  entire  wafer 
surface  arc  immediately  apparent.  The  greatest  concern  over  th. 
applicability  of  the  process  centers  on  the  radiation  damage  that  is 
introduced  and  how  well  it  can  be  annealed. 


In  some  applications  such  as  with  the  self  ali 
transistors,  the  implanted  region  does  not  form  the 
the  device  and  any  residual  damage  after  annealing 
the  device  too  adversely.  This  is  not  so,  however, 
layer  becomes  the  critical  part  of  a  device  such  as 
bipolar  treuisistor  or  is  incorporated  to  give  a  p-n 
abiupt  properties.  It  is  well  known,  for  example, 
such  as  the  gold  centers  affect  the  capacitance  of 
Consequently ,  implanted  layers  have  been  examined  1 
levels  and  the  minority  carrier  lifetimes  liave  been 
function  of  annealing  temperature. 


gned  gate  of  MOS 
active  part  of 
should  not  affect 
once  the  implanted 
with  the  base  of  a 
junction  hyper- 
that  deep  levels 
p-n  sti-uctures .  ^ 
or  deep  defect 
monitored  as  a 


For  both  the  defect  level  and  lifetime  determinations,  phospliorus 
diffused  junctions  are  used  that  are  then  implanted  at  sufficiently 
high  energies  for  the  ions  to  penetrate  to  the  region  immediately 
beyond  the  junction.  In  this  respect  the  structures  resemiile  actual 
devices  whore  the  implanted  layer  corresponds  to  tlie  bipolar  base 
region  or  to  the  region  that  gives  the  junction  its  hyper-rbrupt 
properties , 


As  it  is  the  damage  rather  than  the  doping  that  is  under  examina¬ 
tion,  non-dopant  ions  have  been  used.  At  the  higli  energies  of  -  1  MeV 
that  are  used,  the  initial  energ  loss  of  the  ions  will  be  electronic  in 
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nature  WAd  only  towards  the  end  of  their  paths  after  bcinj;  considerably 
slowed  down  do  nuclear  collisions  and  hence  lattice  damage  become 
appreciable.  In  this  manner,  most  of  the  damage  will  be  confined  to 
the  region  immediately  below  the  junction  and  wliich  is  the  region 
})robed  by  the  measurement  techniques  used. 

It  should  also  be  noted  tliat  even  though  tlic  energies  used  here 
arc  .appreciably  greater  than  tliose  normally  used  for  device  work,  tlic 
degree  of  d.amagc  obtained  will  not  be  considerably  higher.  As  the 
implant  energy  is  increased,  the  fraction  of  the  total  energy  dissipated 
in  dajnaging  nuclear  collisions  {)rogrcssj vely  decreases.  Tlius,  on  in¬ 
creasing  the  implantation  energy  of  carbon  ions  from  ,100  KeV  to  1  ^!eV, 
the  energy  dissipated  in  nuclear  collisions  only  increases  from  41  to 
54  KeV.*- 

Thermal  stimulated  currents  (T.S.C.i  iiavc  heevi  usei-  f.-ir  t'r.v  deicct 
investigation.^  The  implanted  sample  is  co<>lec'  to  ■/'5°K  and  liglil 
applied  to  fill  the  various  defects  with  esn-ieic.  'Ihesc;  carriers  .are 
released  on  heating  the  sample  fusuaHy  at  a  uni  tbim  rate  of  -  1 ''<1  see'- 
and  give  rise  to  current  ('T..S.C.j  peaks  that  arc  superimposei.'  on  the 
diode  leakage  current.  The  cliarge  released,  and  hence  the  size  of  the 
peak,  is  a  measure  of  detect  concontT  ati  on  while  tlcV  tenjierature  .)c 
which  a  TSC  peak  occurs  is  roiatod  to  the  depth  ct  tiie  defect  level 
witliin  the  bandgap.  It  will  he  sc'ui  that  several  defo.'ts  with  ovei - 
lapping  peaks  will  be  observable  and  on  anm.nliug  small  v.iri  at  ions  in 
tlie  TSC  peak  temporaturt^  occu;-'.  Tlii.'i  v)  ri <•?.(  i on,  wliicli  should  not  ara-se 
if  the  defect  energy  rcinains  eonstant,  is  attributed  l  o  the  iTif  luciico 
of  other  partially  overlapping  peaks  and  wliosc  rate  cl:  growtli  or 
annealing  differ. 


Kiguro  1  shows  t)io  TSC's  obtained  irt'iu  sulfur  d.tm.'fged  diodes.  ihey 
were  recorded  jirior  to  and  after  annealing  to  tho  t etnperatures  i nd i til oJ. 
in  the  figure.  Being  of  nearly  s.iiivi  1  ar  m.ns.';  tt:  jihosphoni.s ,  the  sulfur 
daaiage  should  be  indicative  of  phosphorus  datiiage  anci  llie  d'|se  retjuiripl 
for  liyper-abrupt  applications  be  close  to  the  l.SxlO^-  ions  an''' 

used  here.  The  TSC  peaks  sliown  lojiresont  levels  ra/iging  I'li.M'.,  .2S  oV  to 
.38  eV  deep.  The  l.arge  ciirront  seen  ..rt  the  highei-  |•t'mp';r:lture,s  is  tire 
rise  in  the  dark  current  of  the  diode  a.v  it  is  heated  towards  room 
temperature. 

Other  implanted  ions  give  rise  to  s.milai  levels.  Ihe  most  nol'.uV'lc 
difference  has  been  seen  with  the  ligbrer  c.vrbon  arid  oxvgiiii  ions.'’  I'lie’i 
an  additional  level  grows  in  at  -  .4  eV'  wiiilc  the  iniermodi  ato  pemk 
obtained  140°K  docs  not  show  tlie  ajiprcciai'lc  growth  tliat  is  seen  .lere 
for  sulfur. 


From  the  device  viewg-oint,  what  is  important  is  whether  these 
defects  can  be  annealed  out.  As  can  be  scL>n,  annealing  up  to  •- 
serves  to  form  additional  rather  than  aiuicil  out  tlo  initial  concent ra - 
Tion.  Tliey  are  still  present  to  grc.arer  tr>.a.a  the  [  .re  -  an  ne  a  1  coi.oon  tia- 
tions  at  400®C  (not  shown)  but  are  largely  .'unc.il  v.i  by  ;>10"C.  Non¬ 
electrical  measurements  sucii  as  Kutherfoid  backseat reiing  indicate  that 
low  dose  damage  anneals  between  209  and  400’C^  while  tlie  piesent  nsul'- 
clearly  indicates  tb.at  device  quality  layer.s  av'  net  obiainod  uu-less 
annealed  to  at  least  SOO'C. 
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For  the  carrier  lifetime,  the  reverse  recovery  pulsed  technique  is 
used.  Usually,  the  lifetime  can  be  considered  as  being  fairly  uniform 
over  the  low  doped  side  of  a  diode.  Obviously,  this  is  not  so  here  and 
most  of  the  effect  of  the  ion  damage  will  be  confined  to  a  micron  or  so 
wide  layer  immediately  below  the  junction.  Even  within  this  region  the 
lifetime  can  be  expected  to  le  non-uniform  and  exhibit  some  form  of 
Gaussian  distribution.  Despite  these  difficulties,  the  indicated  life¬ 
time  from  the  measurement  will  accurately  pinpoint  the  annealing 
required  to  restore  the  lifetime  to  its  pre-irradiated  value. 

Annealing  of  the  minority  carrier  lifetime  is  shown  in  Fig.  2.  The 
example  given  is  for  carbon  (similar  mass  to  boron)  and  implanted  to  a 
dose  that  approaches  that  required  for  a  bipolar  base.  As  can  be  seen, 
the  lifetime  recovers  to  values  greater  than  1  ps  and  matches  that  in 
similar  but  unirradiated  diodes  by  600-650“C.  Thus,  the  djimage  does 
not  inhibit  the  lifetime  from  recovering  to  values  that  are  adequate 
for  base  transportation. 
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A  VARACTOR-TUNED  RF  AMPLIFIER  INTEGRATED  CIRCUIT 
FABRICATED  USING  ION- IMPLANTED  DEVICES 

John  W«  Hanson,  John  D.  Macdougal.l  and  Olch  Thai 
Research  and  Developipent  Center 
Sprague  Electric  Company 
North  Adams,  Massachusetts  01247 


ABSTRACT 

Ion  implantation  has  been  used  in  the  fabrication  of 
components  for  a  varactor  tuned  RF  amplifier  integrated  cir¬ 
cuit  having  a  gain  of  over  20  dB  and  tunable  from  50  to  76 
MHz.  The  amplifier  was  designed  to  establisli  production 
capability  for  this  type  of  circuit,  and  consists  of  varactor, 
resistor  and  dual-gate  MOSFET  devices  on  a  48  by  60  mil  chip. 


An  RF  amplifier  inte<jrated  circuit  lias  been  dcsiyned  for 
a  production  enginecriiig  measure  in  progress,  the  objective 
of  which  is  establislinicnt  of  production  capability  for  ion 
implanted  circuits.  The  amplifier  circuit  consists  of  a  dual¬ 
gate  MOSFET  transistor,  a  voltage  variable  tuning  capacitor 
(varactor)  and  resistors.  The  circuit  schematic  is  shown  in 
Fig.  1. 

The  circuit  was  designed  to  be  suitable  for  the  front- 
end  of  a  receiver  for  the  50-76  Mllz  band.  TJic  input  circuit 
is  electrically  tuned  by  tlie  varactor.  The  dual-gate  MOSFET 
provides  power  gair-  and  t)ie  resistors  are  tor  biasing  the 
MOSFET  and  the  varactor. 


The  incorporation  of  a  high  quality  varactor  on  the  same 
chip  as  the  MOSFEP  and  resistors  makes  this  circuit  unj^^iUc. 
The  specific  requirements  for  the  varactor  in  the  IC  were 


Q  >  70  at  -2.5  volts,  50  MHz, 

3.5  -  4.0, 

=  100  nA  at  -12  volts,  25°C. 


r  =  C(2  volts) 

C(12  volts)  - 


rev  — 


Ion  implant  doping  was  used  in  fabricating  the  varactor,  which 
made  possible  a  liyper-abrupt  junction  and  a  high  Q  device. 


Ion  implantation  was  also  used  to  fabricate  all  tlie 
resistors.  This  made  possible  small,  hig  h  value  resi&L-wrs, 
which  were  desirable  to  minimize  loading  of  the  input  tuned 
circuit.  The  use  of  ion  implant  for  MOSFET  threshold  voltage 
adjustment  was  also  investigated  as  part  of  this  work,  Botli 
enhancement  and  depletion  type  MOSFET ’ s  were  studied  in  the 
RF  amplifiar  IC. 


A  picture  of  the  IC  chip,  wliich  measures  40  x  GO  mils, 
is  shown  in  Fig.  2. 

The  IC  was  made  with  an  n"*"  substrate  on  which  a  4  pM 
thick,  4  fi-cm  n-type  epitaxial  layer  was  grown.  The  varactor 
was  fabricated  as  a  p'^-n  hyper-abrupt  junction  diode.  Ion  iin- 
planted  phosphorus  was  used  as  a  low  concentration  pre-deposit 
to  dope  the  n-epitaxial  varactor  region.  Tlie  phospliorus  was 
then  driven  in  so  as  to  provide  a  concentration  gradient,  with 
the  donor  concentration  varying  from  about  10^^  Gr.i~^  at  the 
surface  to  lU^^  cm“^  at  a  depth  of  2  pM.  The  p+-region  was 
formed  by  ion  implanting  a  high  dose  of  boron  ions,  followed 
by  a  high  temperature  anneal  step.  The  resulting  p'^'-n  junc¬ 
tion  was  located  approximately  0.4  pM  from  the  silicon  surface 
Varactor  series  resistance  was  kept  small  through  the  use  of 
the  low  lesistivity  n'^-substrate  material. 

A  capacitance-voltage  curve  for  the  varactor  diode  in 
the  IC  is  shown  in  Fig.  3.  For  these  devices,  the  capacitance 
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ratio  Cj^  _2:  3.5. 

A  dual-gate  MOSFET  transistor  is  an  ideal  device  for  an 
RF  amplifier,  because  of  its  hicth  gain,  low  noise  and  small 
cross  modulation.  Tha  MOSFET  chosen  for  this  circuit  was  a 
p-channel  diffused  device  having  a  channel  width-to-length 
ratio  ^  500.  A  fairly  conventional  aluminum  gate,  Si02  di¬ 
electric  structure  was  used.  The  transcohductance  for  these 
devices  was  about  7000  pmhos. 

Threshold  voltage  adjustment  through  the  use  of  ion  im¬ 
plant  channel  doping  [ij  was  used  to  evaluate  the  merits  of 
lower  gate  1  and  2  bias  voltages.  A  p-channel  device  having 
a  threshold  voltage  3.5  V  required  Vi32S  “^-0  V  and 

VgIS  ^  -7  V  in  order  to  bias  it  in  a  high  transconductance 
region.  If  the  threshold  voltage  were  lowered  to  about 
V(p  ^  1.5  V  (by  ion  implant,  for  example),  the  bias  voltages 
were  Vg2S  V,  “4  V.  Dei^let  ion -mode  devices  were 

also  made  by  channel  doping  with  a  low  dose  of  boron  ions. 
MOSFET 's  wore  made  whicli  operated  in  a  high  transconductance 
region  witli  Vg2S  ~  "4  V,  Vqis  =  0  V, 

The  admittance  "y"  parameters  were  measured  for  discrete 
p-channel  dual-gate  MOSFET 's  as  fabricated  on  the  IC.  From 
this,  the  maximum  available  gain  MAG  was  calculated  and  found 
to  be  about  33  dB  at  50  ffHz  and  2  7  dB  at  76  MHz. 

Resistors  in  the  IC  were  p-type,  boron  ion  implanted.  A 
sheet  resistivity  of  2.5  kil  per  square  was  chosen  for  the 
resistors,  based  on  considerations  of  TCR,  junction  capaci¬ 
tance  and  junction  breakdovm  voltage. 

The  RF  amplifier  IC ' s  were  packaged  in  12  lead  TO-5  type 
cases  and  their  performance  was  evaluated.  A  single  12-volt 
supply  was  used  for  biasing  and  input  circuit  tuning.  The 
measured  power  gain  was  greater  than  20  dB  at  76  MHz,  for  an 
input  power  of  -40  dBm.  The  total  power  dissipation  of  the 
IC  chip  was  less  than  200  mW.  The  measured  noise  figure  at 
70  MHz  was  approximately  3  dB  at  a  gain  of  20  dB. 
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Figure  I.  Varactor- Tuned  RF  Amplifier  Integrated  Circuit. 


COS/MOS  FUZE  TIMER  COMBINES  SCR 
AND  ANALOG  VOLTAGE  DETECTOR  ON  SINGLE  IC* 


by 


R.  Fillmore  N.  Cutillo 

RCA  Solid  State  Division  Picatinny  Arsenal 

Somerville,  N.J.  Dover,  N.J. 


ABSTRACT 

An  integrated  circuit  for  the  XM56  mine  system  com¬ 
bines  complementary  MOS  and  bipolar  technology  to  provide 
analog  and  digital  timing  functions  with  a  monolithic  SCR 
output  device. 


SYSTEM  RKQl.iTR£M.EM<rc 

The  system  requirements  for  the  XM56  electronics  arc: 

a)  Interface  with  and  detect  time  delays  gener¬ 
ated  by  two  E-cell  timing  devices.  One  delay 
shall  provide  circuit  arming  and  cl.argina  of 
a  firing  capacitor.  The  other  E-cell  delay 
shall  provide  for  scl r -dcstrucc  at  the  mission 
completed  time. 

b)  riscriminate  over-run  time  duration  and  pro¬ 
vide  output,  upon  over-run  or  17  T,  ,  whichevei 
is  less,  for  ovor-ntn  gi'eater  than  T  .  A 
secondary  input  (anti-disturbance)  providing 
a  17  T.,  time  delay  until  detonation,  regard¬ 
less  or  duration,  si. all  also  be  {jrovided. 

c)  Include  output  capability  of  5000  ERGS  for 
T20E1  detonator  from  120  microfarad  capacitor 
at  5  volts. 


*  This  work  was  supported  by  the  Department  of  the  Army, 
Picatinny  Arsen.al 
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d)  Include  low-supply  voltage  detector  for  self- 
destruct  if  battery  voltage  is  loss  tlian  5.6 
volts  after  arming. 

e)  Operate  from  6.75-volt  5-milliampere-hr . 
battery  for  mission  duration. 


ANALOG  DETECTOR  CIRCUITS 

E-cells,  electrochemical  devices  used  for  timing  ap¬ 
plications,  provide  a  changing  electrical  characteristic 
after  prescribed  charge  transfer  occurs.  These  devices 
consist  of  a  cathode  and  an  anode  immersed  in  an  electro¬ 
lytic  solution.  During  plating,  the  device  has  a  low  im¬ 
pedance  and  a  voltage  drop  of  30  millivolts.  After  plating 
has  ceased,  the  device  impedance  increases  and  800  milli¬ 
volts  is  the  typical  device  voltage. 

E-cell  voltage  changes  are  difficult  to  detect  usin 
MOS  transistors  because  the  final  voltage  is  less  than  the 
typical  MOS  tiireshold  voltage.  The  circuit  described  below 
utilizes  the  substrate  effect  in  a  unique  push-pull 
arrangement  to  detect  the  E-cell  voltage  change  and  trans¬ 
late  this  change  into  levels  compatible  with  the  MOS  cir- 
cui try. 


The  E-cell  dei.ecLOi  in  Fig.  i(a)  operates  in  the 
following  manner i  Device  N,  is  connected  in  a  bias  cir¬ 
cuit  with  an  external  diode.  The  gate  voltage  of  device 

Vg^  =  Vp  +  +  Ks  (Vp-V^)  (1) 

where  Ks  i s  the  substrate  effect  constant  in 

volts  per  volt  of  source  reverse  bias. 


The  source  voltage  of  N_  is  tlie  E-cell  voltage  (V^)  , 
w.iich  is  initially  0  volts.  ^The  threshold  voltage  of  de¬ 


vice  2  may  Dt:  Qesenbeu  foiiews; 

'Nj  TK  -  TO  *  (V^) 


N-  will  turn  off  when  V  <V., 
2  gs,  -  N 


TH 


'^gs.  =  ^D  "  TU 
^^N^TH  ^  ^S 


2  2 
t  K„  (V^-V^ 


-  V. 


(2) 


(3} 


The  effects  of  the  actual  tJiroshold  voltage  cancel 
and  switching  occurs  v/hen : 
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(4) 


Vj,  =  (1  +  Kg) 

“(1“+  2Kg) 

For  K  =  1  volt/volt,  switching  will  occur  for  an 
E-cell  voltage  equal  to  2/3  the  external  bias  (V.  ) ,  For 
a  0.5  volt  diode,  Vg  =  0.33  volts,  and  tlius  the  circuit 
will  detect  as  the  E-cell  voltage  makes  the  transition 
from  0  volts  to  0.8  volts.  Switching  is  very  rapid  due 
to  the  push-pull  action  of  transferring  substrate  effect 
between  devices. 

The  low-supply  voltage  detector  in  Fig.  1 (b)  util¬ 
izes  the  same  basic  concept.  V  ,  j^-V  )  in  this  case, 
is  chosen  such  that  device  N2  is  off,  anC  hence,  for  a 
given  Vg,  the  supply  voltage  at  detection  equals  + 

Vg.  The  integrated  circuit  has  a  zener  diode  fabricated 
on-chip  and  an  external  limiting  resistor  to  provide  con¬ 
trol  of  the  sampling  current.  Present  C0S/M03  processing 
does  not  allow  fabrication  of  forward  biased  diodes  for 
the  bias  circuit  without  parasitic  transistor  action, 
hence  an  external  diode  is  required. 

Each  integrated  circuit  contains  two  E-cell  detect¬ 
ors  and  one  low-voltage  detector. 

TIMING  LOGIC 

Fig.  2  illustrates  the  logic  functions  of  the  inte¬ 
grated  circuit  used  for  discrimination  of  input  duration 
and  control  of  delayed  firing.  A  COS,''MOS  RC  oscillator 
provides  an  accurate  time  base  (T-] )  -  A  logic  1  at  the 
over-ride  input  will  start  the  oscillator,  FFi  divides 
by  two  and  is  the  clock  for  a  divide-by-8  c.ouncer  and  Tp 
discriminator  (E'F2)*  Output  "Y''  from  the  counter  v<?il] 
ciiuse  detonation  at  17Ti  while  FFi  records  Ti  and  will 
cause  detonation  if  the  over-ride  signal  as  removed  after 
Ti .  The  anti-disturbufice  input  utilizes  tJie  same  count¬ 
down  path  so  that  the  over-ride  time  delay  dominates. 
Transistor  count  is  greater  than  150  devices, 

OUTPUT 


The  output  section  of  the  integrated  circuit,  I'xg. 

3,  consists  of  an  SCR  device,  fabricated  by  means  cf  the 
standard  COS/MOS  diffusion  profiles,  and  control  cir¬ 
cuitry. 

The  signal  from  the  arming  E-cell  detector  controls 
device  Pi,  and  allows  charging  of  the  firing  capacitor 
cifter  the  arming  delay.  As  the  firing  capacitor  voltage 
reaches  the  threshold  voltage  of  Np,  device  N2  is  parall¬ 
eled’  with  the  20-kilohm  shunting  resistor,  prov^iding  a 
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low-impedance  shunt,  while  the  capacitor  voltage  is  ap¬ 
plied  to  the  SCR  anode . 

Firing  signals  irom  tlie  timing  logic,  LVD,  and  end 
of  mission  E-cell  -ietectoi  are  OF.'eo  for  turn-oa. 

The  SCR  is  a  composite  Interal-veitical  bipolar 
transistor  with  a  PMOS  transistor  6):unt.ing  the  f^-n -p 
emitter-collector.  Tnin-oa  is  predominantly  by  meanG 
of  MOS  transistor  P.^. 


Typical  ON  r e  s i s  tan ce  is  two  o ti ms , 

Breakdown  voltage  is  greater  than  13  volts. 
PERFORMANCE 


Packaged  in  a  16~lead  DIC,  the  circuit  requires 
external  timing  resistors,  timing  and  firing  capacitors, 
LVD  sampling  resistor,  and  bias  diode. 

Current  drain  lor  tire  analog  functions  is  less  than 
SO  inioroemperes .  Tha  quiescent  current  drain  of  the  COS/ 
MOS  logic  is  lef:;:  than  10  microamperes.  Peak  firing 
current  from  a  120  microfarad  capacitor  at  5  volts  into 
a  3~ohm  load  is  one  ampere. 

Fig.  4  illustrates  tlie  distribution  of  low-supply 
voltage  detection  foi  5^0  units. 

Circuits  have  been  delivered  in  quantity  in  both 
coitunercial  and  high-reiiability  grades.  The  engineering 
design  test  results  for  the  system  electronics  are  summa¬ 
rized  below. 

ENGINEERING  DESIGN  TEST  RESULTS 


Introduction 


The  XM56  Aircraft  Mine  Dispensing  Subsystem  is  an 
aariallv  delivered  scattorahle  mine  system  dispensing 
an ti-tank, anti-vehicle  mines.  The  XM56  electronic  module, 
including  batteiy,  connectors,  printed  ci.rcuit  board,  ex¬ 
tern, il  componor.tn,  and  integrated  circuit,  v/as  tested 
with  the  following  results: 

Tent  PrO'^edure 

Aircraft  Vibration  ■  MIL-STD-810D 
Transportation  Vibration  -  MIL-STD-u31 
Temperature  Conditioning  -  +1?.Z°F  to  -25®F 
Rough  Handling  -  MIL-STL'-3 31 
Jolt  and  Jumble  -  MIL-STD-331 
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Results 


After  being  subjected  to  the  above  environmental 
tests,  the  items  were  electrically  armed  and  allowed  to 
time-out  for  self-destruct.  The  results  of  these  tests 
were: 

Arming  -  96.3% 

Self-Destruct  -  98.9% 

Mines  were  also  ejected  from  a  helicopter  and  sub¬ 
jected  to  anti-tank ,  anti-vehicle  over-runs  and  anti¬ 

disturbance  functioning  with  the  following  results: 

(Reliability  (Point  Estimate) 

Anti-vehicle  *26-fe3  .'8% 

Ariti-tank  9  8.6% 

Anti-disturbance  93.0% 

*DGpendent  upon  speed  of  vehicle 

Failures  in  the  above  categories  were  determined  to 
be  caused  by  faulty  components,  such  as  switches  and 
connectors,  and  to  poor  solder  joints  on  printed  circuit 
boards . 

The  electronic  circuit  has  an  over-all  reliability 
of  90. 6  pexcent  (point  estimate).  There  were  no  failures 
directly  attributed  to  tlie  integrated  circuit. 

CONCLUSIONS 

The  developmental  work  under  this  contract  has  demon¬ 
strated  the  feasibility  of  integrating  low-power  comple¬ 
mentary  MOS  logic  circuitry  with  SCR  output  capability. 

The  ability  to  perform  both  analog  and  digital  functions 
on  a  single  integrated  circuit  makes  COS/MOS  the  ideal 
choice  for  low-power,  battery-operated,  portable  systems. 
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Fig.  1(b)  -  Low-Vrltage  Detector. 
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Fig.  2  -  Timing  Logic 


_ _ _ _ : _ -> 

Fig.  3  -  Output  Schematic. 
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A  COMPUTER-AIDED  METKOU  FOR  THE  DESIGN 
OF  A  WIDE  CLASS  OF  MICEOW/vVE  COuTt  EKS  At.'O  FILTERS 


Eeriy  E.  Spielsuan 

Naval  Research  LaLcratouy 
Washln,c;tori,  Er.  C.  20390 
(202)  767-3’^i6 


ABSTRACT 

A  numerical  metbod,  suitable  for  use  in  the.  computer-aided 
design  of  a  wide  class  of  microwave  filters  and  couplers,  is 
presented.  The  convergence  chnracfoJ sties  of  the  method  are 
illustrated.  Ttie  performance  chaxacteristics  of  two  directional 
couplers,  designed  and  iabricafed  based  upon  results  generated  by 
the  method,  are  shown.  One  coupler  employs  a  configuration  of 
microstrip  over  a  slotted  ground  plane.  The  other  coupler  employs 
a  "reduced"  ground  plane,  with  oversized  microstrip  lines. 

INTRODUCTION 

This  paper  describes  and  demonstrates  the  usage  of  a  computer- 
aided  method  for  designing  microwave  filters  and  couplers  employing 
uniform,  coupled  sections  of  a  wide  class  of  transmission  lines. 
Included  in  this  class  are  microstrip,  slot  line,  sandwich  slot¬ 
line,  and  coplanar  waveguide.  Previously,  efforts  to  Incorporate 
the  latter  three  transmission  media  in  couplers  and  filters  have 
been  substantially  empirical  [l],  [2],  [3], 

formulation 

The  coupled  transmission  line  structures  treated  in  tbi.*: 
work  are  characterized  by  the  admittances  and  phase  velocities  or 
the  even  and  odd  modes  of  propagation.  In  temis  of  these 
quantities  it  has  been  shown  how  to  design  microwave  directional 
couplers  and  filters  L-^]. 

The  method  developed  in  this  work  for  computing  these 
admittances  and  phase  velocities  is  described  as  follows. 

Consider  a  specified  configuration  of  dielectric  loaded,  coupled 
transmission  lines  in  terras  of  which  it  is  desired  to  design  a 
directional  coupler  or  filter.  Now  consider  a  second  structure, 
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obtained  from  the  first  by  fictitiously  removing  the  dielectric 
regions,  but  retaining  the  same  conductor  geometry  as  In  the  original 
structure.  This  second  structure  will  heretofore  be  referred  to 
as  the  empty  structure.  For  both  the  original  and  the  empty 
structures  quasl-TDl  propagation  models  are  Invoked  for  both  the 
even  and  odd  modes  of  propagation.  By  virtue  of  these  models, 
for  each  structure  the  even  and  odd  mode  transmission  line 
capacitances  to  ground  are  computed  in  terms  of  scalar  potential 
functions.  Finally,  the  necessary  admittances  and  phase  velocities 
of  the  original  structure  are  computed  in  terms  of  these  capacitances. 

The  computational  scheme  Is  now  described  in  somewhat  greater 
detail  for  an  arbitrary  configuration  of  dielectric  loaded  coupled 
transmission  lines.  The  cross  section  of  this  configuration  is 
illustrated  in  Figure  1(a).  The  cross  section  of  the  corresponding 
empty  configuration  Is  shown  in  Figure  1(b).  The  application  of 
quasi -TEM  models  to  the  even  and  odd  modes  of  both  configurations 
allows  for  mode  excitations  to  be  defined  in  terms  of  voltages. 

Hence, 


V,  -  Vj  .  1 


V3  .  0 


even  mode  excitation 


Vl  =  -V2  -  1 

V3  =  0 


odd  mode  excitation 


Here,  V^i  and  V3  are  the  voltages  shown  in  Figures  1(a)  and  1(b). 

The  computation  of  the  even  and  odd  mode  transmission  line 
capacitances,  for  a  designated  line  in  each  of  the  two  configurations 
is  accomplished  as  follows.  The  voltage  excitation  schemes  from 
(1)  and  (2)  are  impressed  on  each  configuration  yielding  four 
different  distributions  of  scalar  potential.  The  potential  at  any 
point  P,  in  each  of  these  four  distributions,  is  of  the  form 

«(P)  =  f  a(l)  In  ^  dl  (3) 

0  a 

Here,  a  is  some  equivalent  source  distribution  which,  for  a 
structure  of  conductors  and  dielectrics,  is  the  sum  of  free  and 
bound  charges.  This  source  distribution  lies  along  the  boundaries 
of  conductors  and  dielectrics.  R  is  the  distance  between  an 
equivalent  source  point,  at  path  location  t,  and  the  point  P. 
k  is  a  constant  defined,  due  to  numerical  considerations,  as 


k  >  R 
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where  is  the  uiaxlmum  value  puaaible  for  R  when  P  ie  constrained 

to  lie  at  source  points.  The  equivalent  source  distribution, 
corresponding  to  each  of  the  four  potential  distributions  and  Its 
corresponding  excitation.  Is  discretized  and  ultimately  computed 
by  a  moment  solution.  The  moment  solution  chosen  here  embodies 
a  pulse  function  expansion  of  each  source  distribution  and  point 
matching  of  the  boundary  condition;-.  The  capacitances  to  ground 
for  the  even  and  odd  modes  of  the  original  and  empty  configurations 
are  ultimately  determined  from  their  corresponding  equivalent  source 
distribution  by  strategically  applying  Gauss's  Law  at  the  conductor 
boundaries  shown  In  Figures  1(a)  and  1(b). 

It  Is  now  shown  how  these  two  sets  of  even  and  odd  mode 
capacitances,  comprising  the  four  cases  previously  mentioned,  are 
used  to  compute  the  even  and  odd  mode  admittances  and  phase  velocities 
for  a  configuration  like  the  one  shown  in  Figure  l(fl).  Let  the  even 
and  odd  mode  capacitances  to  ground  for  one  of  the  transmission 
lines  in  Figure  1(a)  be  represented  by  C  and  C  ,  respectively. 
Similarly,  for  the  corresponding  transmission  l?ne  In  Figure  1(b),  let 
the  even  and  odd  mode  capacitances  be  represented  by  C  and  C 
respectively.  Define  the  even  and  odd  mode  transmiss ioft^line 
admittances  for  the.  configuration  in  Figure  1(a)  according  to  the 
expi ession 


Y 


i 


(5) 


Here,  "i"  can  be  either  "e",  for  the  even  mode,  or  "o",  for  the 
odd  mode.  The  pha.se  velocities  v  and  v  can  be  expressed  as 
shown  in  (6) .  ^  ^ 


(6) 


where  the  subscript  "i"  is  defined  as  It  was  for  (5).  The 
transmission  line  inductance,  L^,  introduced  in  (6)  is  defined 
implicitly  by  the  expression  for  the  phase  velocity  in  the  empty 
structure  in  Figure  1(b).  Thus, 

1 


Vl,  C  , 
i  e,i 


(7) 


In  (7),  c  is  the  velocity  of  light  in  free  space.  Finally,  the 
admittances  and  phase  velocities  for  the  designated  transmission 
line  of  the  configuration  in  Figure  1(a)  can  be  expressed 
succinctly  as 


i  e,l 


(8) 
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and 


V 


i 


(9) 


It  Is  the  quantities  Y.  and  v,  which  arc  pertinent  to  coupler  and 
filter  design. 

Tile  method  described  here  has  been  prograoaned  in  Fortran  IV 
for  use  on  the  CDC  3800  digital  computer  at  the  Naval  Research 
Laboratory  Coir.putatlon  Center,  The  matrix  calculation  portion 
of  the  program  is  a  modification  of  a  routine  due  to  I’ontoppldan  [5]. 

The  convergence  of  the  niethod  is  illustrated  in  Figures  2  and  3. 
These  figures  show  the  variation  in  computed  line  impedance  and 
phase  velocity  as  the  number  of  equivalent  charge  functions  is  varied 
on  the  strip  and  ground  plane  of  a  nominally  50  ohm  mlcrostrip 
line.  Values  due  to  Bryati,.  and  Weiss  [6]  are  shown  for  reference. 
Convergence  here  produced  agreement  to  within  3  percent 
compared  to  the  reference  values. 

EXAMPLES 

a .  Microstrl p-slotted  ground  plane  configuration 

A  directional  coupler  was  designed  using  computer  results 
generated  by  the  method  described  in  the  previous  section.  The 
coupler  was  fabricated  on  s  2"xl"x0.025"  portion  of  alumina 
substrate  using  thin  film  techniques.  The  circuits  on  each  side  of 
the  substrate  arc  shown  in  Figures  4(a)  and  4(b),  The  configuration 
used  here  is  a  variation  of  that  used  by  Garcia  [3]  in  a 
wideband,  quadrature,  3  dB  coupler  developed  empirically.  The 
performance  of  the  coupler  developed  in  this  work  is  illustrated 
in  Figures  5(a),  5(b),  and  5(c).  The  deslgned-for  midband  value 
is  5.4  dB,  while  the  measured  value  is  5.3  dB.  The  coupling  is 
6.0  +  0.7  dB  over  a  60  percent  bandwidth  about  the  midband 
frequency.  Over  more  than  an  octave  band,  the  return  loss  is  19.5 
dB  or  better  and  the  directivity  is  better  than  14  dB.  It  is  to 
be  noted  that  this  device  is  the  result  of  a  single,  design  attempt 
using  the  computer  results, 

b .  Reduced  ground  plane  microstrip  configuration 

A  second  directional  coupler,  designed  using  the  method 
presented  here,  was  fabricated  on  a  2”xl"x0,025"  portion  of 
alumina  substrate.  The  double- sided  circuit  employed  is  shown 
In  Figures  6(a)  and  6(b).  Due  to  the  ncn-optimal  transition  from 
narrow  to  wide  mlcrostrip,  shown  in  Figure  6(a),  the  return  loss  of 
this  coupler  was  originally  16  dB  or  better  over  the  range  from 
2  to  4  GHz,  Tne  return  loss  characteristic  was  improved  tC'  that 
shown  in  Figure  7(b)  by  a  simple  tuning  technique.  The 
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performance  of  the  coupler  developed  here  is  ehown  in  Figures  7(a), 
7(b),  and  7(c).  The  designed- for  and  measure  value  of  midband 
coupling  is  6.8  dB.  Tlie  coupling  is  7.2  +  0.4  dB  over  a  56 
percent  bandwidth  about  3.125  GHz.  Over  the  octave  band  shovm  in 
Figure  7,  the  return  loss  is  23  dB  or  better  and  the  directivity  is 
13  d3  or  better . 
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—CONDUCTOR  2 
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Zo,  22  FUNCTIONS  ON  STRIP 


REFERENCE  Zq  (BRYANT  AND  WEISS) 


1 


1 


20  40  60  80  100  120  140  160 

NUMBER  (CHARGE  FUNCTIONS /INCH)  ON  GROUND  PLANE 


Figure  2  Convergence  of  Impedance  for  Micros  trip  Line. 
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ABSTRACT 

Passive  high  Q  filter  ele.nenta  capable  of  satisfactory  performance  in 
the  Mcrowave  Integrated  Circuit  area  are  restrict  ed  to  dielectric  and  YIG 
reaona+ors.  However,  temperature  enevixonac.nt  may  lirait  their  usefulness  un¬ 
less  certain  techniques  are  utilii^ed  in  the  dcjsign  and  fabrication  of  tliese 
I.C.  filtei'  elements. 


INTRODUCTION 

Physical  dimensions  of  mi-crov.iave  filters  liave  bts.n  significantly 
reduced  by  the  use  of  integra\  cd  rdcrocl icuits.  Howevet ,  reducing  the 
cavity  size  to  an  extent  cumparablc  with  other  mirdatui'iced  elements  usually 
results  in  a  drastic  redv'.ction  in  Q.  In  conir.ragt  to  ^^^avegu.•!.de  components  for 
which  Q's  range  between  !?,000  and  15,000,  jiiicroatrip  transmission  circuit 
resonator  Q's  range  bet-vewi  lOO  to  3''>0.  Thei*e  are,  nevertheless,  eignificant 
I.C.  a})pIications  for  vdiich  O's  comparable  to  waveguide  values  are  required, 
i.e.  require  high  Q  passive  filters.  High  Q's  are  necessitated  wi.en  band- 
vnidths  of  0. l.l!  or  less  are  desired. 

Passive  high  Q  filter  tipios  useful  for  integrated  microwave  circuits  are 
limited  to  the  following: 


1.  Divlectaac 

2.  YIG  ( Yttrium- Ivon-Garuet ) 

However,  temperature  envii-onme. d.  can  rssU-iot  their  usefulness  unl.e3s  these 
filters  are  designed  by  specific  guidel lues. 
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DIELECTRIC  RESONATORS 


Low  lo33,  tiigh  dielectric  constant  objects  will  resonate  in  a  micro- 
atrip  configuration  for  sizes  more  than  an  order  of  magnitude  smaller  than 
the  waveguide  cavity  equivalents.  The  dielectric  resonator  is  the  electro¬ 
magnetic  dual  (E  &  H  fields  ©re  interchanged)  of  the  metal  wall  cavity. 
Microwave  energy  will  be  confined  to  a  region  in  and  near  the  resonator 
provided  the  dielectric  constant  is  sufficiently  high.  The  disk  geometry 
has  been  found  most  suitable  for  integrated  circuit  devices.  With  proper 
choice  of  lengtli  to  diameter  ratio,  a  disk  insures  a  large  frequency  separa¬ 
tion  between  the  fundamental  resonance  mode,  TE^  6  and  the  next  higher  order 
mode.  Radiation  losses  are  suppressed  for  sufficiently  high  dielectric 
constant  material  ^80).  High  unloaded  Q  (C^  =  l/tan  6)  will  be  obtained 
at  microwave  frequencies,  if  the  dielectric  constant  is  large  (Cj.  ^  80). 
UiiLoadsd  Q's,  of  3,000  to  10,000  arc  available  from  such  single  crystal 
materials  as  rutile,  Ti02  (tan  6  ^  O.OOOl).  A  microstrip  S-Band  double  pole 
filter  configuration  is  shown  in  Figure  1.  All  coupling  from  line  to  disk 
and  disk  to  disk  Is  magnetic  or  dipole  type.  The  butterwortli  filter  has  a 
frequency  response  at  2.3GHz  as  shown  in  Figure  2;  an  insertion  loss  of 
2.4db  and  a  3db  bandwidth  of  Abifliz.  The  temperature  sensitivity  by  the 
following  equation: 


M  <*> 

r 

v'h?re  e.,  =  e„  (T) 

J.  A  •  • 

Ai.  3-Band  frequency,  rutile  has  a  TCK  (temp,  coefficient  of  peimiittivity) 
of  -1000  PP!V°C  over  50  to  iCXi  C,  which  can  be  translated  into  a  50MHz  change 
in  centei'  frequency.  This  ueuperature  sensitivity  has  limited,  to  some  degree, 
the  usefulness  of  i.C.  dielectric  filters, 

Hov^ever,  advances  in  obtaining  a  temperature  stable  materials  are  being 
made.  Usually  materials  with  high  Cp  also  have  negative  TCK  such  as  rutilej 
nevertheless,  materials  with  fairly  high,  permittivities  with  positive  TCK  do 
e.g.  Eiy^  Ti^  0i^  and  Ca  Ti  3i  O5,  Mixing  of  materials  (one  with  high  positive 
and  t'ne'‘^other  high  negative  TCk)  in  the  proper  volujne  fraction  will  result  in 
a  temperature  stable  (low  TCK)  material-  Usually  the  is  reduced  below  a 
value  which  is  useful  for  microwave  filter  applications.  The  most  promising 
material  (fro.m  the  standpoint  of  obtaining  a  low  loss,  high  dielectric  con¬ 
stant,  temperature  stable  microwave  dielectric)  investigated  to  date  is 
Bi202Ti02Ca0Zr02.  The  characteristics  of  this  material  as  w^ell  as  others 
investigated  at  V/e?tinghouue  will  be  discussed. 
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YIG  FILTERS 


YIG  resonators  make  use  of  bulk  gyromagnetic  matei'ials  and  are  typi¬ 
cally  formed  into  spheres  whicli  are  20  to  50  mils  in  diameter.  For  numerous 
integrated  circuit  applications,  permanent  magnet  (rather  than  electromag¬ 
netic)  bias  viTould  be  used  except  for  its  extreme  frequency  sensitivity  over 
a  given  ambient  temperature  range  (typically  1  to  2Miz  frequency  drift  per  1° 
C  change  in  teiapei’ature  at  C-b£ind  frequencies). 

This  paper  describes  an  integrated  circuit,  C-band  douole-pole  YIG 
filter^  with  a  permanent  magnet  biasing  source.  This  filter  has  been  1 04.11  er- 
ature  stabilized  by  a  simple  yet  effective  method  whicli  simultaneously  com¬ 
pensates  the  permanent  magnet  and  YIG  resonator.  Tliis  planar  filter  sJiowi 
in  Figure  3>  consists  of  two  stiielded  microstrip  transmission  lines  separated 
by  a  metal  wall.  The  FoF  transmission  lines  are  deposited  on  an  alumina 
substrate  with  the  YIG  spheres  and  tlie  i-oqitioning  rods  imbedded  in  ttie  upper 
dielectric  medium.  At  resonance,  energy  is  coupled  from  the  input  line  to 
the  first  YIG.  The  first  YIG,  then  radiates  a  circularly  polarized  field 
which  propagates  ttiru  the  metal  iris  and  couples  the  energy  to  tlie  output 
line.  The  purpose  of  the  coupling  slot  is  to  prevent  direct  coupling  from 
the  input  to  output  line. 

A  method  has  been  developed  for  temperature  stabilizing  the  resonant 
frequency  of  the  YIG  filter  which  eliminates  the  need  for  temperature  com¬ 
pensating  shunts  on  the  permanent  magnets  and  high  precision  X-ray’  orienta¬ 
tion  of  the  YIG  sphere.  Instead  of  eliminating  these  two  effects,  this 
technique  uses  the  temperature  sensitive  anisotropy  of  the  YIG  to  cancel 
the  con-esponding  change  in  the  biasing  field.  No  pre-orientation  of  the 
YIG  aianyr  a  preferred  cr.vslailine  axis  is  required.  The  YIG  sphere  is 
merely  rotated  to  a  position  such  that 

J!!k  +  F  (6)  ^  _  0  .  > 

where 

F  (^)  ~  effective  internal  anisotropy  field  (oe) 

Hq  =  external  magnetic  biasing  field  (oe) 
u  =  temperature  dependent  anisotropy  field  (oe) 
a 

Once  this  is  accc.mplished,  the  center  frequency  of  the  filter  is 
stabilized  to  iMHz  over  the  temperature  internal  of  m  20°  C  to  70°  C, 
as  shown  in  Figui-c  A.  This  represents  a  reduction  in  the  drift  by  a  factor 
or  50.  Interpole  tracking  of  the  two  resoiiato’'s  was  better  than  I’-'llz 
over  the  100°  C  temperature  Interval. 

CONCLUGIOI! 

I.C,  Dielectric  and  YIG  filters  demonsti-at  e  chai'acteristics  which 
ma':s  them  valuable  for  Microwave  Integrated  Ci  :uit  design. 
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Figure 


PASSBAND  RESPONSE  OF  TWO-POLE  MICROSTRIP  DIELECTRIC  FILTER 
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ABSTRACT 

Theoretical  and  experimental  results  arc  presented  on  quasi- 
lumped  directional  couplers  in  microstrip,  employing  interdigitated 
capacitors  as  the  coupling  elements.  The  principal  advantage  of  the 
technique  is  that  tight  coupling  can  be  produced,  Ir  small  size, 
vlth  straightforward,  single-step,  Dhotollthograplnc  processing. 

INTRODUCTION 

T'ae  lumped  interdigitated  capacitor  on  microstrip  l.as  been 
discussed  by  Alley  [1],  and  a  quasi-lumped  directional  cc^.pler  has 
been  described  briefly  by  Peppiatt,  Hall,  and  McDaniel  [2j.  Comblni.rg 
and  extending  these  two  ideas  has  produced  h  useful  raicrostrip 
component . 

TWO-CAPACITOR  COUPLER 

An  example  of  the  experimental  microstrip  coupler  developed  in 
this  work,  shown  in  the  Figure  1  drawing,  consists  of  transmission  lines 
on  a  dielectric  substrate  above  a  ground  plane.  Interdigitated 
capacitors  are  shown  as  coupling  elements,  separating  the  main  trans¬ 
mission  lines  far  enough  that  there  is  no  significant  direct  coupling 
between  them. 

Figure  2  shows  the  electrical  equivalent  circuit  of  the  micro¬ 
strip  configuration.  The  Even  and  Odd  Mode  analysis  technique, 
summarized  in  [3],  is  a  convenient  method  for  the  solution  of  the 
performance  of  circuits  of  this  type.  To  review  briefly,  the  ABCD 
matrix  relates  circuit  input  quantities  to  output  quantities  according 
to 
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(1) 


E2 

l2 


J 


The  ABCD  matrices  of  the  even  mode  circuit  and  the  odd  mode  circuit, 
shovm  la  Figure  3,  are  determined  Independently.  Even  and  odd  mode 
transmission  and  reflection  coefficients  are  then  determined  anJ  used 
to  calculate  the  emerging  voltage  vectors  (bj^  through  b4)  at  the 
terminals  of  the  four  port  network.  The  even  and  odd  mode  ABCD 
mat.rices  are  the  following; 


A  B 

CCS  9 

J2o 

sin  oH 

(2) 

C  D 

u  J  e 

sin  0 

COS 

0  J 

and 


cos  0  - 
j  (4a)  cos 


2(eCZo  sin  0 
0  +  Yo  sin 


0  -  Aco^c^Z^sln  0) 


j  Zq  s 
cosO-2cuCZoSin(^ 


(3) 


where  cu  la  radian  frequency  and  the  other  terms  are  as  defined  in 
Figure  3.  For  the  coupler  shown,  the  condition  for  Infinite  Isolation 
(b2  =  0)  and  perfect  match  (bj^  =  0),  occurring  simultaneously,  Is  that 


tan  Gq 


1 

cUpCZo 


w 


where  is  the  radian  frequency  of  infinite  Isolation  and  is 
the  electrical  length  of  the  Interconnecting  transmission  lines  at 
that  frequency.  When  this  value  of  0^  is  inserted  into  the  equation 
for  the  voltage  emerging  at  Port  3,  the  value  of  voltage  coupling  at 
cUq  is  determined  to  be 


b^  =  cos  0^ 


(5) 


Using  the  circuit  values  obtained  from  the  desired  coupling  value  at 
yig ,  the  complete  performance  versus  frequency  may  be  determined  directly 
from  the  general  equations  given  In  Figure  3. 
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Figure  4  gives  the  computed  response  of  a  directional  coupler 
of  this  type,  whose  values  are  selected  for  3  db  coupling  at  1250  MHz 
design  center  (C  =  2.54  pf  and  Gg  =  45  degrees).  Useful  bandwidth 
is  about  107„,  length  is  only  one-eighth  wavelength,  and  width  is  that 
required  to  assure  negligible  direct  main  line  coupling.  In  general, 
capacitance  values  are  small  -  a  few  picofarads  at  1  Gl!z  -  with 
required  values  decreasing  as  frequency  increases  and  a&  coupling 
loosens,  making  the  capacitors  realti,able  using  Interdigitatod  capacitor 
techniques  on  microstrip. 

The  photograph  in  Figure  5  sliows  two  quasi-lumped  microstrip 
couplers  on  .025  inch  thick  alumina  substrate.  Data  from  the  upper 
unit,  a  6  db  coupler  at  1450  MHz,  is  given  in  Figure  6.  The  capacitors 
have  22  fingers,  .060  inch  long,  with  .0035  inch  wide  lines  and  .0014 
inch  spaces.  Data  for  the  lower  unit  is  given  in  Figure  7.  The 
capacitors  have  seven  fingers,  .230  inch  long,  with  .0022  inch  wide 
linos  and  .0014  inch  spaces.  This  measured  data  has  been  compared 
with  computed  response  curves  in  each  case,  in  order  to  establish 
whe.ther  the  coupler  bandwidth  may  be  significantly  affected  by  the 
capacitor  form  factor  (length  to  width  ratio).  The  computations 
assumed  frequency  independent  capacitors,  while  the  actual  capacitors 
used  show  some  frequency  dependence,  which  is  related  to  form  factor. 
However,  bandwidth  deviation  from  computed  values  was  negligible  for 
both  capacitor  types.  Tliereforc,  it  was  concluded  that  increasing  the 
number  of  coupling  elements  should  be  Investigated  as  a  means  to 
achieve  wider  bandwidth. 


THREE-CAPACITOR  COUPl.ER 


The  analysis  for  a  three  capacitor  coupler  was  carried  out  using 
tlie  procedure  described  earlier.  Figure  8  shows  the  equivalent  circuit 
of  the  device  analyzed.  The  simplifications  used  were  that  the  two 
end  capacitors  are  equal  and  the  four  interconnecting  lines  are  of 
eq.isl  length.  The  equations  for  the  even  and  odd  mode  ABCD  matrices 
are  the  following; 

Odd 

A  =  |^(4u)^Cj^C2zJ  -  l)tan^Q  -  (4mCiZ^  +  2uX:2Zp)  tan9  +  ij  cos^B 
B  =  j|^(-2tuC2Zo)  tan^e  +  ( 2Zg)  tanB  J  cos^'O  (6) 

C  =  jj^(8uj^CjC2Z^  -  4ujCj)tan^e  +  (2Yg  -  Sm^C^Zp-Suu^C^C^Z^)  tan  0 

+  (4ajCj^  -f  2{uC2)  1  cos^O 


D  =  A 


384 


Even 


A  =  cos  20 
15  -  jZo-:iu  20 
C  =  JY^sln  20 
D  =  A 


(7) 


Solving  again  for  the  condition  of  infinite  isolation  and  unity 
VSWR,  which  occur  simultaneously,  provides  the  following: 


2aCiZo(Ci  +  C2)  +  V  4u)^'C^^Z^^  +  ^ 

+  C2  -  2Cj 


IVo  poles  of  isolation  are  apparent  -  one  for  the  positive  sign  before 
the  radical  and  one  for  the  negative  sign.  Tlie  two  poles  may  be 
simultaneously  located  at  the  coupler  design  center  frequency  by 
requiring  that  the  term  under  the  radical  be  zero.  The  resultant 
condition  is  that 

=  2Cj  V  +  1  (9) 


For  perspective,  Figure  9  gives  a  plot  of  a  specific  case  in 
which  Iq  is  1250  MHz  and  Z^  is  50  ohms.  Coupling  values  from  approxi¬ 
mately  40  db  to  0.5  db  are  shown,  with  Cl  values  from  about  .02  pf  to 
2  pf.  The  lino  length  required  Is  also  plotted  and  C2  is  assumed  to  bo 
tlie  value  given  by  equation  (9) .  The  50  ohm,  3  db  coupler  case,  with 
both  isolation  poles  located  at  1250  MHz,  requires  =  1.1  pf, 

C2  =  2.4  pf,  and  0  =  56.7  degrees.  The  computed  response  Is  plotted 
in  Figure  10,  where  it  is  compared  with  the  computed  performance  of  the 
two  capacitor  coupler. 

Other  cases  may  be  of  interest  in  x^hich  the  simultaneous  location 
of  the  two  poles  of  isolation  at  f^.,  is  not  the  primary  design  criterion. 
A  zero  db  coupler  may  be  produced,  for  example,  witli  parameters  which 
arc  equivalent  to  a  tandem  connection  of  two-capacitor  3  db  couplers, 
having  a  single  pole  of  Isolation  at  f  .  A  3  db,  tlirce-capacitor 
coupler  with  all  capacitors  equal  may  also  be  produced.  Although  it 
has  only  a  single  pole  of  isolation  at  its  bandwidth  is  slightly 

greater  than  the  two-capacitor  version.  All  of  the  couplers  described 
have  90  degree  phase  difference  at  between  the  direct  and  coupled 
output  ports. 
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SUMMARY 


An  analysis  technique  for  multi-capacitor  directional  couplers 
has  been  presented  which  may  be  extended  to  any  number  of  coupling 
elements,  A  technique  of  fabrication  on  mlcrostrlp  using  intcrdlgltatcd 
coupllttg  capacitors  has  been  demonstrated,  with  measured  results  In 
agree:ncnt  with  computed  performance.  In  many  relatively  narrow  band 
applications,  the  use  of  this  coupler  design  can  elcmlnatc  the  cross¬ 
over  complication  and/or  the  larger  size  of  other  types  of  mlcrostrlp 
couplers . 
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VARIABLE  D13P:1R5I0\'  mlamder--li:ji-; 
.1.  M.  Schellenberg  and  R.  Jones 
Westinghouse  ELectric  Corporation 
Baltimore,  l-!aryland  21203 


ABSTRACT 

An  i-Band  variable  dispersion  meander  line  circuit  has  been  developed. 
The  amount  of  phase  dispersion  can  be  continuously  varied  while  naint.aming 
an  excellent  impedance  natch  over  a  bandwidth  well  in  excess  of  an  octave. 
Tills  device  has  teen  used  to  s  ipress  second  han/ionic  power  generated  in 
araplifier  chains. 

INTRODUCTION 

This  paper  describes  a  variable  phaue  dispersion  device  for  use  in 
suppressing  second  harmordo  powei-  generated  in  povror  amplifier  chains.  Due 
to  Its  vai'iablc  dispersion  c.haracteristic,  this  device  also  has  possible 
application  as  a  variable  phase  equalizer  or  as  a  variable  time  delay  device. 

The  approach  for  second  hsnnonic  cancellation  is  illusti ated  in 
Figure  i.  hUth  the  variable  phase  dispersio:  device  (called  "harmonic  phase 
adjuster"),  the  phase  relationsliip  between  the  first  and  second  harmonics 
can  be  controlled.  iJhen,  the  pliase  is  adjusted  properly,  the  second  harmonic 
pev/er  generated  in  the  output  amplifier  will  be  cancelled  by  the  injected 
second  harmonio  sirnal.  V.hile,  in  general,  it  is  necessary  to  control  the 
amplitude  as  well  as  tae  phase  of  the  injected  harmonic  to  achieve  complete 
cancellati  n,  a  reduction  of  Jiore  t.han  lO  hb  in  the  second  hamnonic  conterit 
of  an  output  ampT  *'i  er  has  been  demonstrated  by  adjusting  only  the  phase  of 
the  injected  h:  '  ionic- 

VARIABLJ!  DISPiiLlION  MFANDIvR-LINB 

The  meander  line  circuit  considered  here  is  a  planar  circuit 
gencratea  by  win-^ing  the  center  conductor  of  a  stripline  transmiss-i on  line 
in  a  zic-zag  pattern.^  The  characteristics  of  this  circuit  have  been  analyzed 
by  several  autliors.^“2  jug  to  its  planar  nature  and  simplicity,  the  meander- 
line  circuit  i?  well  suited  for  variable  dispersion  applications.  Figure  2 
illustrates  the  phexSe  chai'act eristics  of  the  meander— line ,  As  s/D  is 
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decreased  from  one  to  zero,  the  phase  cliaracteristics  vary  from  non- 
dispersive  to  resonant.,  Figure  3  shows  tlie  configuration  developed  for 
varying  s/D  and  hence  the  disperoion.  Tlic  structure  is  composed  of  two 
substrates  with  a  meander-line  pattern  etched  on  each  substrate.  The 
etched  pattorns  arc  mirror  images  of  each  other  such  that  i/hen  the  sub¬ 
strates  are  placetl  together,  the  patterns  eocac-  ...y  match.  If  the  top 
substrate  is  moved  off  center,  the  spacing  betiveen  adjacent  strips  "s" 
is  reduc&i  resulting  in  tighter  coupling  and  moi’e  dispersion.  In 
addition  to  providing  a  simple  means  of  varying  the  dispersion,  aii  impoi”tant 
c>iPT&,ctoristic  of  this  circuit  is  that  the  characteristic  impediince  is  a 
slov/ly  varying  function  of  s/D. 

Cromack^  has  shoi-m  that  the  characteristic  impedance  of  the  meander¬ 
line  circuit  can  be  expressed  as 


z^(0)  •-=  Z  (^  +  n)  •  (1) 

Kliere  Z(0)  is  defined  as  the  characteristic  impedance  of  any  tape  conductor 
in  a  tape  array  propagating  a  Tai  traveling  wave  with  a  phase  change  of  0 
pel  tape.  Z(i)  can  be  expressed  in  tenns  of  the  physical  parameters  of  the 
meander-line  circuit.^  Consider  the  case  of  0  *=  n  2  ivhere  n  =  0,  i,  2  ... 
Then  Z(0)  and  Z(0  +  n)  become  the  so  called  even  and  odd  mode  impedances 
respectively  and  can  be  expressed  in  terms  of  Cohn's^  frijjging  capacitances 
for  zero  thickness  strips.  As  s/D  is  reduced  2(b)  ii.erea.  ^s  and  2(0  +  n) 
decreases  while,  the  product,  which  determines  the  characteristic  impedance 
remains  cpproximatcly  constant.  This  is  strictly  true  or.ly  if  V/  is  held 
constant.  However,  with  the  configui'ation  shown  in  Figure  3,  the  variation 
in  the  characteristic  Impedance  caii  be  minimized  if  the  circuit  is  designed 
such  that  'fi  >  >  s.  The  above  argument  is  also  v.rue  for  an  arbi+  carv 
of  0.  '  ” 


Figure  4  illustrates  2^  as  a  function  of  s/D  with  D  constant  rather 
than/,-/  as  required  by  the  geometry  of  Figure  3.  The  analysis  is  exact  for 
the  idealized  model  which  assumes  lossless  conductors  of  zero  thickness  and 
corners  of  aero  electrical  length.  In  order  to  minimize  the  variation  of 
Zq,  s/D  should  be  less  than  0.1, 


For  a  given  maximum  impedance  mismatch.  Figure  4  determines  the  range 
over  which  s/D  can  be  varied.  The  amount  of  dispersion  corresponding  to 
this  s/d  range  can  be  determined  from  Croraack's  dispersion  equation  for  the 
meander-line  circuit  which  is: 


tan 


2 


2(0) 

Z(0  +  n) 


(2) 


where  0  = 

e  =  ka 

and  0Q  is  the  propagation  constant  of  the  fundamental  spa';e  harmonic 
traveling  in  the  z-direction,  k  is  the  propagation  constant  for  the  T3I 
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wave  ti'avelirig  in  the  .x -direction  and  is  given  byr 


and  "a"  is  the  length  of  the  coupled  section.  Therefore,  0  represents 
the  phase  shift  per  tape  and  ®  represents  the  electrical  length  in  radians 
of  the  coupled  section.  Note  that  is  directly  proportional  to  frequency 
while  0  is  not. 

V-lien  eraploylng  the  meander-line  as  a  harmonic  phase  adjuster,  the 
quantity  of  interest  is  the  phase  difference  introduced  between  tlie  first 
and  second  harmonics.  The  phase  differ mce  h  as  defined  in  Figure  1  can 
be  expressed  as : 

A  0  =  6(2d^)  _  26  (Q^) 

where  6(6^^)  ig  the  phase  deviation  from  linearity  at  the  first  haJTnonic 
frequency.  It  can  be  shoi^-n  that  ^  0  is  a  ’maximum  for  (the  fundament^ 

frequency  variable)  equal  to  60^.  ^  0  is  ploted  as  a  function  of  s/J  in 

Figure  5  with  2A/D  as  a  parameter  and  =  60°.  Tliis  figure  translates 
the  pemissibls  s/D  variation  from  Figure  1  to  ^  0  variation, 

ilvPZRL’ffinTAL  RESULTS 

A  variable  dispersion  meander-line  circuit  has  been  constructed  a*^d 
tested  as  a  harmonic  phase  adjuster.  Tlic  design  parameters  weve: 

(l)  ^  0  to  be  variable  over  a  lSO°  range  from  an  arbitrary  minimum 
Value 

{?.)  ^  0  variation  over  a  gj.ven  frequency  range  to  be  a  minijnum 

(3)  maximum  V.yJil  =1.5:1 


ConditioTi  (3)  determines  the  range  over  v’hich  s/j  can  be  varied.  Consider 
tlie  ideali^.ed  case  of  a  unifonn  transmission  line  of  characteristic 
impedance  2^  terminated  in  a  50  ^  load  and  driven  by  a  50  *1  source.  T!ic 
TOrst  case  mismatch  occurs  when  the  transmission  line  is  ojt  odd  multiple  of 
Va  in  length  and  the  magnitude  of  the  VS'-IJ  at  that  frequency  is 


YS.IR  = 


depending  upon  whether  is  greater  or  less  than  50  0,  On  the  basis  of 
this  idealized  model,  the  characteristic  impedance  of  the  meander-line  must, 
be  maint ai’-icd  within  the  range  AO.S  to  6l.3  ^  in  order  to  satisfy  condition 
(3).  Figui’e  4  translates  this  impedance  variation  into  pennissible  s/D 
variation  and  FigUi’e  5  relates  s/U  to  1  0,  Tne  phase  difference  L  0  plotted 
in  Figure  5  as  a  function  of  s/D  is  the  phase  difference  per  section  or  per 
tape.  For  an  n  section  meander-line  circuit,  the  total  0  is  n  0.  There¬ 
fore,  knowing  the  range  of  s/D  and  hence  A  0  per  section,  the  number  of 
sections  n  can  be  determined  as  required  by  condition  (x). 
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Figure  6  illuatratea  the  measured  values  of  the  phase  difference 
^  ^  as  a  function  of  the  nonnalizeci  fundamental  frequency  variable 
The  throe  curves  plotted  in  Figure  6  were  obtained  with  the  unit  in  three 

different  settings.  The  bottom  curve  was  obtained  v^dth  the  device  in  the 

ninimun  phase  difference  position,  i. e.,  the  top  substrate  positioned  such 
that  the  two  meander  patterns  match  resulting  in  minimum  dispersion.  The 
theoretical  curve  for  this  setting  is  also  shown  in  the  Figure.  The 
experimental  ^  ^  cui'ves  do  not  reach  a  maximum  value  at  exactly  =  60° 
as  theory  predicts,  but  the  maximum  point  shifts  toward  60°  as  s/D  is 

decreased.  This  effect  can  be  attributed  to  the  finite  length  of  the 

raeandex'-line  corners.  The  corners  capacitively  load  the  coupled  section 
of  the  meander-line  increasing  its  effective  electrical  length.  By  reducing 
the  spacing  s,  the  effective  length  of  the  corners  is  also  reduced.  This  in 
turn  results  in  less  capacitive  loading,  thereby  approximating  the  zero 
length  corners  of  the  theoretical  model. 

The  insertion  loss  was  less  thcin  1  dB  over  the  frequency  range 
®  =  50°  to  125'^*  (1.5  octaves)  for  all  ^  ®  settings  within  the  18O  degree 
interval  and  the  VS'.VR  was  leas  than  1.6:1  over  the  same  interval. 

In  summary,  a  variable  dispersion  meander-line  circuit  has  been 
developed  vdth  the  capacity  to  continuously  vary  A  0  by  more  than  130°, 
while  maintaining  an  Impedance  match.  The  theoretical  model  has  been  shown 
to  give  excellent  agreement  wd.th  the  experimental  results. 
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LOW-POWEU  CMOS  MASS  MEMORY 


Robert  M.  Trcpp,  Senior  l-'nginccr 

Wcstinghousc  Electric  Corporation 
Baltimore,  Maryland 


Abstract 

A  mass  memory  of  10  bits  can  be  built  that  is  random  access, 
low  power,  1,  2  microsecond  read  or  write,  low  size  and  weight  and 
that  would  be  suitable  for  airborne  radar  data  memories  and  for  the 
replacement  of  space  tape  recorders.  The  techitology  selected  in  1970 
for  the  mass  memory  was  complementary  metal  oxide  silicon  (CMOS) 
because  of  its  availability  and  low  power  dissipation.  Other  tech¬ 
nologies  evaluated  were  P  channel  MOS,  N  channel  MOS,  and  bi¬ 
polar,  but  each  was  found  to  dissipate  considerably  more  power. 

Metal  nitride  oxide  silicon  (MNOS),  change  coupled  devices  (CCD) 
and  orthoferrites  (magnetic  bubbles)  were  considered  very  promis¬ 
ing,  but  they  arc  in  the  development  stage  and  unavailable  in 
quantity. 

A  design  of  a  3.6  million-bit  CMOS  random  access  memory  was 
performed  under  contract  with  the  Naval  Aii  Development  Center 
(NADC)^^).  The  design  was  proven  by  building  of  small  portion  of 
the  memory  192  words  by  32  bits,  using  bare  chip  packaging 

techniques  and  ceramic  substrates.  The  packaging  and  substrates 
incorporate  the  design  approach  for  the  3.6  million-bit  CMOS  ran¬ 
dom  access  memory.  The  192-w(.'rd  by  32-bit  CMOS  memory  was 
delivered  to  NA.DC  in  Ju.iC  of  1971,  and  it  has  been  operating  satis¬ 
factorily  since  that  time. 

The  192-word  by  32-bit  CMOS  memory  was  constructed  with  the 
two  substrate  packages  shown  in  figures  1  and  2.  Each  package 
contains  192  words  by  16  bits,  which  includes  the  necessary  address 
decode  and  data  buffers  for  the  formation  of  larger  memories  by 
wiring  several  packages  together. 
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Logic  Design 


The  192-word  by  32-bit  CMOS  moinory  has  8  address  lines  (A  1 
through  A8),  1  rcad/writc  line  (W),  1  memory  strobe  line  (S),  2 
power  lines  (LH,  gnd),  and  32  data  lines  (D1  through  D32)  -  a  total 
of  44  interface  lines.  A  logic  1  is  at  IH  voltage  (12.  5  V)  and  a  logic 
0  is  at  ground  (0  V). 

When  the  memory  strobe  line  is  a  logic  1,  a  CMOS  memory  chij) 
on  each  substrate  will  be  selected  by  address  lines  A5,  AO,  A7,  and 
A8.  The  bidirectional  CMOS  buffer  chips  {Z2I  and  Z22)  will  bring  the 
data  from  tlie  interface  data  lines  (D1  through  D32)  to  the  memory 
chip  for  the  write  operation  or  will  bring  the  data  from  the  memory 
chip  to  the  interface  data  lines  for  the  read  operation,  depending  on 
the  logic  level  of  the  rcad/wrile  line  (W).  Each  CMOS  memory  chij) 
has  16  words  by  16  bits.  Twelve  chips  on  each  substrate  are  bussed 
together,  except  for  chip  select  signal,  to  form  192  words  by  16  bits  as 
shown  in  figure  3,  Each  bit  of  the  16  bits  of  data  has  a  bidirectional 
CMOS  buffer  driver  circuit  from  either  chip  Z21  or  Z22  to  buffer  the 
data  between  the  memory  chip  and  interface  data  lines  to  ensure  suf¬ 
ficient  capacitance  drive  for  speed.  Address  lines  Al,  A2,  Ai,  and 
A4  are  bussed  to  all  chips  on  a  substrate  after  passing  through  a 
buffer  gate  and  addx-ess  one  of  the  16  words  on  the  chip. 

Electrical  Design 


The  electrical  design  uses  all  CMOS  logic  gates.  All  interfaces 
between  CMOS  chips  are  at  CMOS  logic  levels  0  V  or  12.5  V.  West- 
inghouso  fabricated  the  16  word  by  16-bit  memory  chips  and  the  bi¬ 
directional  CMOS  buffer  chips.  These  circuits  were  augmented  by 
off-the-shelf  one  of  eight  CMOS  decode  chips  (3CL  5206}  from  Solid 
State  Scientific,  hex  invertor  CMOS  gate  chips  (CD4009)  and  four  2 
input  NAND  CMOS  gate  chips  (CD4011)  from  RCA. 


The  substrate  package  used  to  hold  the  CMOS  chijis  has  32  pins 
and  is  1-3/8  by  2-1/4  inches  supplied  by  Tek  Form.  The  ceramic 
substrate  is  1.05  by  2,00  by  0.  030  inches.  The  substrate  is  metal¬ 
lized  by  vapor  deposition  and,  plating.  The  interconnections  arc  ;iiadc 
on  one  side  of  the  substrate  with  0.00*1 -inch  lines  and  0.005-iiich 
spacings.  Connections  from  the  chips  to  the  substrate  arc  made  by 
ultrasonicaJly  bonding  0.  0008-inch  gold  wires.  If  two-layer  metal¬ 
lization  is  used  on  the  substrate,  all  bonding  pads  would  be  located  close 
to  the  chips  for  easier  bonding  and  shorter  gold  wires.  Each  sub¬ 
strate  package  is  filled  with  dry  nitrogen  and  hermetically  sealed. 
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Design  of  a  3.  6-Milliun  Bit  iiandoin  Access  CMOS  Signal 
Processor  Memory 

A  3.6-niilJiou  bit  CMOS  memory  that  will  be  random  access,  low 
power,  1.  ^-microsecond  read  or  write  can  be  fabricated  using  the 
same  memory  substrate  packages  delivered  on  this  contract  as 
shown  in  figure  1.  The  3.6-millioii  bit  CMOS  memory  may  be  or¬ 
ganized  ii04,S00  words  by  lb  bite  or  4,096  words  by  900  bits.  In 
addition,  the  memory  may  be  configured  into  other  memory  orga¬ 
nizations  by  changing  the  back  panel  interconnection  wiring. 

CMOS  Memory  Substrate  Package  (2Sb  words  by  lb  bits) 

If  full  use  is  made  of  the  memory  substrate  package,  as  de¬ 
scribed  in  the  previous  paragraph,  by  using  16  memory  chips  and 
using  lb  bits  on  the  memory  chip,  then  the  memory  substratj-  ])ack- 
age  would  be  256  words  by  18  bits. 

CMOS  Memory  Section  (4,096  Words  by  lb  Bits) 

Sixteen  CMOS  memory  substrate  pack;jg<‘s,  oaih  containing  256 
Words  by  18  bits,  may  be  wire  bussed  together  as  shown  in  figure  4 
to  form  a  4,  09o-word  by  lb-bit  n'eiiu>ry  section. 

An  audiiionai  1 /tli  decode  and  buffet  substrate  package  will  be 
provided  to  buffer  the  uaia  througt)  a  bidirectional  buffer,  to  butler 
the  address  linos  (A  1  through  Ab)  and  rcad/w'rite  line  (W)  and  to 
decode  package  solocl  address  linos  (.A.9  tlirough  A  1 2)  for  package 
select  PI  through  Plu.  A  memory  section  select  (MSS)  control  lino 
would  be  incorjiorated  within  the  decode  md  buffer  substrate  pack¬ 
age  so  that  decode  .and  buffering  wouhl  not  take  place  unless  the 
mcMi'.ory  section  select  (MSS)  iff  a  logic  one. 

Two  4,096-word  by  lb-bit  memory  sc  iions  may  be  placed  on  a 
printed  circuit  board  9.  '<’5  by  12,  75  inches  shown  ii.  figure  5. 

CMOS  Memory  Modu.e  (32,768  Words  by  lb  Bits) 

Plight  4,09(-word  by  IH-bit  n.emory  sections  mav  be  wire  bussed 
together  as  shown  in  figure  8  to  foro;  32,  ?o.5-worJ  by  18-bit 
(589,  824  l.'its)  memory  module.  The  memory  section  .select  dr  eod- 
signal  will  determine  which  memory  section  of  the  eight  i.s  addressed 
An  additicMial  decode  and  bufA  i'  s<ibst--ale  pr.ekage  will  be  provided  to 
buffer  the  data  throug'i  a  bidircctiouai  buffer,  to  buffer  addn  ss  lini.-s 
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Figure  4.  4,096-Word  by  lb- Bit  Memory  Section  Composed 

of  16  Memory  Packages 


Figure  5.  Packaging  of  3.  6-Million  Bit  CMOS  Memory  with 
Two  4,096-Word  by  18- Bit  Memory 
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Figure  6.  32,  768-'Word  by  18-Bit  Memory  Module 

A1  through  A12  and  read/write  line  (W)  and  to  decode  memory  sec¬ 
tion  select  address  lines  A13  through  A15.  A  memory  module  select 
(MMS)  control  line  would  be  incorporated  within  the  decode  and  buffer 
substrate  package  so  that  decode  and  buffering  would  not  take  place 
unless  the  memory  module  select  (MMS)  is  a  logic  one. 

3.  6- Million  Bit  CMOS  Memory  (204,800  Words  by  18  Bits) 

Six  32,  768-word  by  18-bit  memory  modules  and  two  4,  096-word 
by  18-bit  memory  sections  may  be  wire  bussed  together  to  form 
204,  800  words  by  18  bits  (3.  b-rnillion  bits)  memory.  The  memory 
module  select  decode  signal  will  determine  which  memory  module 
an/or  section  is  addressed.  An  additional  decode  and  buffer  sub¬ 
strate  package  will  be  provided  to  buffer  the  data  and  some  address 
lines  A1  through  A15,  while  decoding  A16  through  A19  for  memory 
module  select.  A  memory  module  will  fit  on  4  printed  circuit 
boards;  therefore,  6  memory  modules  and  2  menriory  sections  will 
fit  on  25  printed  boards  assembled  in  a  card  file  10.  25 (W)  by  13.  75(D) 
by  12.  75{,K)  inches  as  shown  in  figure  5.  The  card  center-to-center 
spacing  is  conservatively  set  at  0,  5  inches  and  could  be  reduced.  A 
variation  of  the  present  packaging  approach  is  known  and  proven  ex¬ 
perimentally  that  would  reduce  the  volume  of  the  memory  packaging 
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by  four.  The  back  panel  may  be  wire  wrapped  to  form  various  orga¬ 
nizations.  If  a  4,096-word  by  900-bit  organization  is  desired,  each 
4,  096-;vord  by  18-bit  memory  section  would  be  addressed  simulta¬ 
neously,  and  the  data  would  be  presented  in  parallel. 

Weight 

Each  substrate  package  weights  37  grams.  A  printed  circuit 
board  as  shown  in  figure  5,  9.75  by  12.75  inches,  weights  234 
grams.  A  printed  circuit  board  complete  with  34  substrate  pack¬ 
ages  weights  1,  49^  grams  or  3.  29  pounds.  Twenty-live  PC  boards 
as  shown  in  figure  5  weigh  82  pounds.  The  frame,  connectors,  and 
wiring  bring  the  total  weight  to  about  90  pounds. 

Tirr.ing 

The  1.  2-microsecond  read  time  is  estimated  to  be  apportioned 
as  follows:  350  nsec  for  address  decode  and  chip  select,  400  nsec 
for  chip  access  time,  450  nsec  for  the  bidirectional  drivers.  The 
0.  85  micro-seccnd  write  time  is  estimated  to  be  apportioned  as 
follows:  350  nsec  for  address  decode  and  chip  select,  450  nsec  for 
bidirectional  drivers  running  concurrently  with  address  decode^  and 
400  nsec  for  chip  access  time. 

Leakage  Power 

Wich  this  CMOS  memory  design,  no  refresh  cycle  is  required, 
and  no  dc  current  is  used  for  address  or  data  drivers.  If  the  leakage 
current  associated  with  one  memory  cell,  8  devices,  is  10  oA,  and 
the  supply  voltage  is  12.  6  V,  then  the  power  dissipation  per  memory 
cell  is  0.  125  microwatts. 

Dynamic  Power 

The  dyaaiuic  power  di.ssipation  due  to  a  read  or  write,  cycle  oper  ¬ 
ation  is  determined  by  the  capacitance  that  is  charged  up  during  each 
cycle.  The  power  dissipation  is  calculated  by  the  formula  P  =  CV^  f, 
where  P  is  expressed  in  watts,  C  is  expressed  in  farads,  V  is  ex¬ 
pressed  in  volts,  and  f  is  expressed  in  hertz. 

The  memory  characteristics  for  the  3,  6-mi31ion  bit  mass  memory 
using  two  memory  organizations  are  summarized  on  tlie  next 
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a.  204,  800  words  by  18  bits 

•  Access  time  1.  ]  (jsec 

•  Read  or  write  cycle  1.  2  fxsec 

•  F’ower  (standby)  0.50  watts 

•  Power  (operating)  0.  81  +  0.  50  =  1.  31  weitts 

•  Size  10.  25  by  13.  75  by  12.  75  inches  (1800  in.  ^) 

•  Weight  90  lb 

•  Power  Supply  +12.  5  volts 

•  Environmental  -55“C  to  +125‘'C 

b.  4,  096  words  by  900  bits 

•  Access  time  1.  I  psec 

•  Read  or  write  cycle  1.  2  psec 

•  Power  (standby)  0.  50  watts 

•  Powder  (operating)  25.  3  watts 

•  Size  10.  25  by  13.  75  by  12.  75  inches  (1800  in.  ) 

«  Weight  90  lb 

•  Power  Supply  +12.  5  volts 

•  Environmental  ••55''C  to  +125‘’C 

The  results  from  the  reported  CMOS  memory  work  show  that  a  m 
10^  bit  CMOS  rauuoin  access  memory  would  be  suitable  for  radar 
data  memories  and  +or  the  replacement  of  space  tape  rcicorders. 
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Abstract 

This  paper  describes  the  development  of  a  fully  decoded  1280-bit 
random  access  memory  chip  utilizing  variable  threshold  MNOS  transistors 
as  the  storage  elements.  The  voltage  polarity  requirements  led  to  the 
development  of  a  unique  control  circuit.  Chip  organization,  layout  and 
other  design  considerations  are  discussed  as  well.  Finally,  test 
results  from  fabricated  circuits  are  presented. 
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A  1200-BlT  MNOS  RAM 
INTRODUCTION 

In  order  to  take  advantage  of  the  bit  densities  possible  with  MNOS 
variable  threshold  memory  transistors,  full  decoding  and  write  control 
must  be  provided  on  the  chip.  A  1280-bit  memory  chip  with  a  ,72  sq. 
mil/bit  single  transistor  memory  cell,  full  address  decoding  and  write 
control  circuitry  has  been  developed.  This  paper  describes  the  design, 
fabrication,  and  test  results  of  this  MNOS  memory  chip. 

In  order  to  have  an  understanding  of  the  circuit  requirements,  the 
properties  of  the  MNOS  memory  transistor  will  be  discussed.  The  memory 
device  has  the  structure  of  a  typical  p-channei  enhancement  mode 
insulated-gate  field-effect  transistor  (IGFET),  By  using  specially 
treated  silicon  nitride  as  the  gate  insulating  material,  charge  may  be 
stored  in  the  gate  region  in  such  a  way  that  it  produces  a  positive  or 
negative  shift  in  the  gate  turn-on  voltage.  These  shifts  can  be 
retained  for  a  long  period  of  time  but  are  electrically  reversible. 

Once  the  threshold  vcltcgo  has  been  set  to  a  predetermined  value,  device 
operation  is  the  same  as  a  fixed  threshold  insulated  gate  FET.  Infor¬ 
mation  is  stored  by  setting  the  threshold  voltage  (V™)  of  the  IGFET  to 
a  high  (V^)  or  a  low  value.  A  high  (negative;  threshold  voltage 

is  sol  by  applying  a  pulse  of  -30  V  between  the  gate  and  substrate. 

The  low  (V™  )  value  is  obtained  by  similarly  applying  a  +30  V  pulse. 
Interrogation  is  accomplisliod  by  applying  a  gate  voltage  intermediate 
to  the  threshold  voltage  extremes  (V,).  Figure  1  shows  the  idcaliv.cd 
draiii  current  vs  gate  voltage  characteristic  for  the  typical  memory 
cell.  The  V.  gate  voltage  turns  ON  the  memory  transistors  that  have 
been  set  to  the  threshold  level  causing  a  drain  currei.t  ^  fo 
flow.  Those  memory  transistors  that  have  been  set  to  the  V  .  threshold 
level  remain  in  the  OFF  state.  The  drain  current  from  the  (;n  memory 
transistors  is  sensed  at  the  outputs.  Figure  2  shows  the  hysteresis 
loop  of  the  memory  cell, 

A  decoded  MNOS  memory  chip  requires  that  circuits  be  provided  to 
control  both  the  positive  and  the  negative  voltages  needed  for  setting 
the  desired  threshold  level  in  the  memory  device.  In  undecoded  MNOS 
chipsthe  memory  gates  are  diiecliy  accessible  and  the  positive  and 
negative  potentials  can  be  applied  to  the  gates  from  external  sources. 
Since  all  devices  on  the  decoded  chip  are  p-channel  enhancement  type, 
positive  (referred  to  the  substrate)  voltages  cannot  be  used.  The 
solution  to  this  problem  is  to  provide  an  isolated  substrate  region 


*The  work  herein  rejiei  Leii  was  sponsored  by  the  Air  Force  Avionics 
Laboratory,  Air  Force  Systems  Command,  Wriglil-Paiterson  Air  Force 
Base,  Dayton,  Ohio  under  Air  Force  Contract  No.  F33613-70-C-1306, 
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for  the  MNOS  memory  devices.  Then,  by  applying  a  negative  voltage  to 
tlie  memory  substrate  and  0  V  to  the  memory  gate,  the  insulator  is 
exposed  to  the  correct  positive  potential  required  for  setting  the 
threshold  to  the  low  tV™  )  level.  If  the  memory  substrate  is  held  at 
0  V  and  a  negative  potential  is  applied  to  the  memory  gate,  the  applied 
potential  across  the  insulator  is  such  that  a  high  (negative)  threshold 
voltage  is  written  into  the  memory  device.  The  circuit  tliat  con¬ 

trols  the  voltage  polarity  ajiplied  to  the  memory  devices  must  be  con¬ 
trolled  by  the  decoder  so  that  only  the  selected  memory  transistors 
will  be  exposed  to  the  writing  potential.  Figure  3  shows  the  unique 
approach  used  to  control  the  polarity  of  the  voltage  imj^ressod  upon  the 
memory  devices.  Devices  and  make  up  a  pair  of  buffer  transistors 
which  function  as  a  source  follower  or  an  inverter.  This  is  accomplish¬ 
ed  by  changing  the  polarity  of  the  voltage  applied  to  the  source  and 
drain  lines  of  B^  and  Bj^  under  control  of  an  input  signal  0, 

Assume  that  the  0  input  is  low.  The  common  source  line  of  the  Bjj 
devices  will  be  at  a  low  level  determined  by  the  0  driver, and  the 
common  drain  line  of  the  B.  devices  will  be  high  (0  V)  due  to  the 
inverting  action  of  the  driver.  Device  B.^  oj)erates  as  a  source 
follower  applying  the  decoder  output  level  to  the  gates  of  the  memory 
devices.  The  selected  decoder  output  is  low  and  the  non-sclocted  out¬ 
put  is  high  (0  V).  The  inverting  action  of  the  substrate  driver  apjilies 
a  high  (0  V)  level  to  the  isolated  memory  substrate.  Thus  the  selected 
row  of  memory  devices  have  a  low  voltage  level  applied  to  their  gates 
and  a  high  (0  V)  level  on  the  substrate  causing  the  net  voltage  across 
the  device  to  be  in  the  direction  that  sets  a  high  (negative)  threshold. 
The  non-sGlected  rows  have  0  V  on  their  gates  and  0  V  on  the  substrate. 


If  the  0  irij)ul  js  nigh,  the  polarity  of  the  common  source  and  drain 
linos  will  be  reversed  and  the  resistance  ratio  of  the  B^  and  devices 
is  such  that  they  function  as  an  inverter.  In  this  case  the  low  output 
of  the  selected  word  will  be  inverted  by  the  buffer  and  a  high  (0  V) 
signal  will  be  present  on  the  memory  gates,  Dnsclected  rows  will  have 
the  low  level  applied  to  their  gates  and  the  memory  substrate  will  be 
at  its  low  level.  Thus  the  selected  row  of  memory  devices  will  liave  a 
high  (0  V)  level  applied  to  their  gates  and  a  low  level  on  the  sub¬ 
strate.  The  not  voltage  across  the  memory  device  is  in  the  direction 
that  sets  the  threshold  to  a  low  level,  Non-selected  rows  have  a  low 
level  on  their  gates  and  a  low  level  on  the  substrate.  The  magnitude 
of  the  low  level  applied  in  either  state  is  doioimined  by  the 
power  input.  This  approach  simplifies  the  hardware  needed  to  siSl'isfy 
MNOS  device  voltage  requirements  to  a  single  polarity  power  driver 
(V^g)  and  a  control  input  0. 

The  circuit  output  is  designed  for  current  sensing,  A  single  pin 
on  each  bit  line  is  used  for  both  input  and  output.  Chip  select  and 
voltage  level  control  is  determined  by  the  voltage  applied  to  the 
input.  Address  inverters  are  included  on  the  chip  and  the  address 
inputs  accept  negative  MOS  levels,  A  simplified  circuit  diagram  is 
shown  in  Fig.  4. 


The  chip  is  organized  as  120  words  of  10  bits  each.  Figure 
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shows  a  block  diagram  of  the  circuit  organization.  Each  of  the  128 
word  lines  is  a  common  connection  of  10  memory  device  gates.  The  bit 
lines  consist  of  a  common  source  and  drain  diffusion  for  126  devices. 
Figure  6  is  a  photomicrograph  of  the  160  mils  x  05  mils  chip. 

The  chips  are  fabricated  on  a  p-type  slice  with  an  n-t^pe  epilayer. 
Isolation  of  the  mtmory  substrate  is  the  first  step.  This  is  followed 
by  the  p-type  source  and  drain  diffusions.  The  fixed  gate  devices  arc 
then  deposited,  followed  by  the  deposition  of  the  variable  MNOS  devices. 
Finally,  the  aluminum  nictalization  is  deposited  and  the  interconnection 
pattern  etched. 

A  test  cycle  has  been  devised  which  shows  the  operating  states  of 
the  circuit  as  well  as  the  voltages  present  on  the  memory  control  in¬ 
puts.  Referring  to  Fig,  7,  time  period  1  shows  a  Logic  0  (no  current) 
level  being  read.  During  time  2a  Logic  1  is  written  into  the  same 
location  and  read  during  time  3.  Tine  period  5  shows  the  bit  returned 
to  its  original  Logic  0  state.  Figure  8  is  an  expanded  view  of  the 
same  sequence  with  the  time  periods  labeled  in  terms  of  read  and  write 
memory  cycles, 

SUMMARY 

A  1280-bit  fully  decoded  memory  chip  has  been  developed  that 
operates  with  single  polarity  input  signals.  Polarity  inversion  is 
performed  on  the  chip  by  means  of  a  buffer  circuit  and  an  isolated 
memory  substrate.  The  circuit  has  been  fabricated  and  test  results 
agree  with  the  predicted  response. 
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U.G.  GOVEiyiMENT  DATA  STOKAGE  ATPLl CATIONS 

Will lam  C.  Mavit/ 

North  American  Rockwell  Electronics  Group 
3370  Miraloma  Avenue,  Anaheim,  CA  92803 


ABSTRACT 


Qlio  ufiaije  of  bubble  meOiOries  in  the  various  data  storage  aiuuions 
of  the  sponsoring  agencies  will  be  discussed  1  “om  the  standpoint  of 
tliC  present  status  of  U.S.  Government/ N Kill  contracts.  Projections 
of  availability  that  can  be  used  to  plan  future  programs  are  j>resented. 

INTRODUCTION 

Tnc  U.S.  Goveriment  interest  in  bubble  domain  technology  is  being 
well  demonstrated  by  tho  supj^r.it  that  military  and  civilian  agencies 
are  providing  to  contractors  in  the  areas  of  materials  research, 
devices,  manufacturing  technology,  systems  pianning  and  oyr.tCEis 
dcyclojjuic-nt .  Ttie  resultant  from  this  inve.<ttment  will  be  a  wide  innge 
of  mcmoiy  products  that  will  be  capable  of  operating  u.nJer  diverse 
environmental  condition.s  to  provide  a  comi’ion  solution  to  tlie  manj' 
different  dsta  storage  missions  of  the  U.S.  Governt.ent ,  Those  memoiy 
missions  run  the  gamut  from  the  idgh  envirotimental  performance 
I’etinired  of  satellite  systems  to  cconoml cally  competitive  billion  bit 
mass  memories  operating  in  ground  based  computer  syst.e.BS.  In  botv/eer. , 
strategic  data  storage  missions  in  aircraft,  the  mobile  aT’cy,  and 
surface  and  submerged  navel  ves.sels  will  he  successfully  accomplished 

BUBBLE  MEMORY  CAPAB1L1TIB3 

Tue  techni'juj-  capabiliciss  of  a  bubble  memory  that  allows  this  new 
storage  media  to  be  adapted  to  so  many  differei.t  appljcatiojjs  are 
shown  in  Table  2.  Over  and  above  the  straigia forward  tecl'.nical 
advantages  of  NDRO,  non-volutilivy,  and  no  mcchatiiial  inei-tia  -  th.e 
most  exciting  technical  eidianceir.ents  are  the  properties  of  S;  y  nehronous , 
multi-speed  operation.  No  longer  must  the  parent  equipment  be  siaved 
to  the  i>eripherals .  Witli  the  facility  to  oi'cmte  the  r.emcrv  at  any 
speed  up  to  the  design  maximum  and  ti;en  to  be  aide  to  stop,  !)old,  oj- 
even  reverse  the  direction  of  data  flow,  the  system  des igner/usur  cen 
enhance  liis  throughput  and  efficiency.  While  we  use  the  term  ”a''v,rage 
access  time”  to  make  coinp'j'isoiis,  tho  ability  of  bubble  weniCries  to 
stop  a  data  flow  and  wait  for  a  new  .start  coranand  makes  this  tem 
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obsolete  in  many  a.pplicationG .  Significant  latency  times  are  applicable 
only  when  a  lai'ge  address  Jump  is  required  bj'  tlie  program.  The  "average 
access  time"  is  reduced  by  Jiaif  vhen  date  propagation  in  two  directions 
is  implemented.  As  the  function  of  Reading  &  Writing  are  accomplished 
by  different  patterns  in  the  device  they  operate  independently.  A  Rend- 
Modify-Write  can  be  accomplished  on  the  same  data  pass  through  the 
control  elements.  By  the  proper  placement  of  thi..  elements  of  the 
detector  bridge  a  check  operation  can  be  performed  within  several  bit 
times  of  the  modify  operation. 


Table  .1 

Capability  of  a  Bubble  Memory 

Asynchronous  Operation  (foivard,  stop,  reverse) 

100  fold  Jjiiprovement  in  access  time  (lOC^S  10  mB) 

Read/Modify /Write/Check  "on  the  fly" 

Passive  construction  (no  diffusion,  no  semiconductor  Junctions) 
Non-Destructive  Readout 
Non-Volati3.e  Storage 
No  Mechanical  Inertia 

BUBBLB  MEMOliy  MISSIONS 

A  representative  sample  of  potential  bubble  memory  missions  is 
shoim  in  Tabic  2.  They  dift'er  in  capacity,  data  rate,  end  access  time. 
Environmental  design  and  packaging  will  be  unique  for  most  applications. 
Satellite  luage  has  a  prime  consideration  for  power  dissipation;  mobile 
(land.,  air  or  sea)  usage  has  tempe.ratu.re  range  as  a  prime  corsideration; 
and  pe3';uanent  installatxon  tend  to  optiioize  data  throughput. 

Table  2 

Typical  Bubble  Hemcry  Applications 


AI’PLICATIONS 

Drum  Roplact:ijuent  Tv  Refresh 

Digital  Kecoi'ding 

Batfcl]..ite  Tape  Recorder 

P  tellite  -  Radar  Data 
Memory 

Grid  Base  Data.  Storage 
0,.15  mS  access  time 

Bulk  Memory 
1.0  mS  access  time 

B  -  bits;  Bd  -  Baud  -  bit/ 


C/PACITY 

BIT  BATE 

I" 

7xlO''B 

9x10^  Bd 
10®  Bd 

10^  B 

hxio'  B 

h 

10  Bd 

.lo’^  B 

10^  Bd 

2x10^  B 

lo”^  Bd 

10^  B 

lo"^  Bd 
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Table  3  shows  how  bubble  systems  compe-re  against,  the  perfoimance 
criteria  of  disks  and  drums.  Given  equal  capacity  and  mission,  the 
bubble  memory  outperforms  the  competing  teclmology  each  time. 

Similar  comparisons  can  be  made  holdiijg  other  parameters  constant. 

For  example,  if  data  rates  are  constant,  a  tape  recorder  replacement 
for  a  collect-store-forward  application  can  make  use  of  t)>e  multi-speed 
capability,  and  in  addition  more  bits/pound  can  be  provided.  In  a 
satellite  this  can  mean  an  expanded  mission  or  a  lighter  memory. 

Taole  3 


Rotating  Memories  Vs  Bubble  Memories 


CflARACTERlSTICS 

Access  Time  (mS) 

Transfer  Rates  (MBd) 

Synchronization  with 
Parent  Equijsnent 

Write  partial  block 

Size  Range 


FIXED  llEM) 

ROTATING  I^H'IOKIES  BUBILE  MiMORY 


2.5  -  l6.0 
2  -  h  (Fixed) 
No 


0.150 

2  (Variable) 
Yes 


Yes 

Econcmical  in 
Smaller  Sizes 

NR  BUBBLE  FROGRAI'l  STATUS 


No 

Uneconomical  Below 
2  MBits 


At  North  /uucrioaii  Rockwell  we  are  jUeased  to  be  v/orking  with 
several  agencies  in  developing  and  proving  the  bubble  technology. 

Table  it  shows  a  comparison  of  three  different  bubble  films  developed 
with  the  support  of  the  agencies  listed.  Tlie  attributes  and  detriments 
to  the  usage  of  each  of  the  films  is  listed.  The  Ga:Y,GdIG  film  on  G^ 
via  CVB  is  continuing  to  be  perfected  under  NASA-LRC  sponsorship. 

In  addition  company  funded  investigations  into  LPE  technologies  are 
also  underway.  These  CVD  and  LPE  films  will  be  evaluated  in  cur  AFML 
Manufacturing  Methods  contract  to  determine  an  optimum  film  for  pro¬ 
duction,  dcs  ign  the  methods  of  production,  and  offer  it  to  device 
experimenters  and  systems  ^esigners.  Devices  were  constructed  using 
Ga:  Er J.G  on  a  mixed  (GdDy)G  substrate  which  was  developed  to  allow  a 
wider  rdiige  of  film  composition  to  be  investigated.  A  physical  model 
for  stress  induced  anisotropy  was  developed.  Work  under  AFML  sponsor¬ 
ship  is  continuing  to  investigate  radiation  hardness,  well  mobility 
and  velocity  improvement,  teniperatiire  coefficient  improveraents  and 
resistance  to  shock  and  vibration  of  the  bubble  materinls.  Work  for 
the  USAECOM  is  new  active  in  the  device  area  studying  high  speed 
propagation. 


422 


A  Comparison  of  Bubble  Garnet  Filins 
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Device  studies  are  now  undei'we.y,  sponsored  by  the  AFAL,  to  optimize 
the  performance  of  bubble  devices  under  sy^'^teID  usage  conditions.  Some 
of  the  patterns  that  have  been  utilized  are  shown  in  Fig.  1.  We  have 
developed  devices  that  operate  from  external  exercisers  in  all  modes. 

A  significant  finding  in  the  understanding  of  bubble  control  has 
resulted  i’rom  our  studies.  When  attempting  to  explain  or  design 
bubble  patterns  the  field  created  by  the  bubble  itself  must  be  con¬ 
sidered  in  addition  to  the  fields  created  by  the  propagation  fieid 
interaction  with  the  permalloy  pattern.  A  model  was  formulated  which 
has  been  proved  both  theoretically  and  experimentally.  The  progress 
to  de.te  fully  supports  the  projections  used  by  our  memory  system 
design  stol'f  in  nlajining  for  the  introduction  of  bubble  memories  into 
the  various  U.S.  Government  agency  missions.  \!e  are  no  lor^ger 
satisfied  with  just  operating  bubble  devices.  By  using  the  model  and 
intensive  laboratory  expei'imentation  the  effoi’t  now  is  to  maximize  and 
make  congruent  the  margin  of  operation  of  the  basic  device  elements  - 
propagation  structure,  generator,  detector,  annihilator,  and  suitches 
at  ever  increasing  data  rates. 

BURBLE  FUTURES 

The  time  is  nov;  approj  '  to  enter  areas  of  investigation  unique 
to  the  requirements  for  gevv  ■'tal  missions.  For  example,  two  areas 
ready  for  investigation  are  tv  ature  range  and  module  size.  It  is 
desirable  to  have  the  bubble  ma.x  ain  a  constant  diameter  over  as  wide 
a  temperature  range  as  possible.  Even  as  the  basic  materials  are 
developed  to  minimize  the  effect  of  temperature,  a  combination  of 
tewrerature  varient  magnets  and  shunts  for  the  bias  field  will  be 
required  to  ensui'e  operation  over  the  wide  envirormients  found  in 
tactical  missions.  An  effort  to  develop  the  basic  materials  requiied 
is  appropriate.  The  volime  of  controlled  flux  tiiat  the  propagation 
coils  create  can  be  traded  against  power  and  drive  voltages.  In  aero¬ 
space  usage,  a  small  modular  building  block  tnat  requires  lov;er 
voltages  (B'/CEO)  and  total  power,  and  which  then  could  be  dri'/'en  in  a 
matrix,  may  be  more  useful  than  one  large  power-consuming  module. 

The  present  state  of  o;ir  development  programs  indicates  that 
scheduled  progress  has  been  attained  and  program  goals  are  being  met. 

An  internal  study  at  NREG  indicates  that,  for  aerospace  programs, 
memory  requirements  will  continue  to  grow  logaritlunically  vdth  linear 
time.  We  expect  that  trend  to  hoi.d  true  for  non-aerosjiece  e])pli ca¬ 
tions  a?  well,  I'igure  2  ch-ows  tiiio  growth  for  botli  ie>ilaceiLent 
functions  and  added  functions  in  new  equipments.  'Jlie  cross-hatched 
ray  shows  the  present  and  projected  development  of  bubble  memories  to 
overtake  and  exceed  the.se  program  needs  bj'  the  mid  TO's.  Bubble 
memory  technology  and  development  lias  jirogressed  to  the  point  where 
introduction  of  memory  hardware  into  defined  programs  can  be 
■scheduled.  With  your  continued  support  bubble  memories  will  be 
available  wlien  they  are  needed.  It  is  now  appropriate  for  system 
designers  in  all  agencies  to  categorize  and  specify  their  data  storage 
needs  so  that  feasibility  can  be  proved  and  detailed  equipment  designs 
cun  be  begun. 
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PROJECTED  GROWTH  IN  TOTAL  MEMORY  CAPACITY 
REQUIREMENTS  FOR  AEROSPACE  APPLICATIONS 
(EXCLUDING  REDUNDANCY) 

1960  -  1990 


SYSTEM  DEFmiTlON 

Figure  2 


AN  LSI  MEMORY  SYSTEM  FOR 

military  mainframe  applications 

Richard  A,  Zbriger 

Litton  Systems,  Inc. 

Data  Systems  Division 
Van  Nuys,  Calif. 


Abstract 

A  random  access  mc-iTiory  system  utilizing  1024  bit  dynamic  MOS  devices 
has  been  developed.  The  system  described  is  nonvolatile,  organized 
8K  words  by  33  bits,  and  meets  the  requirements  of  an  existing 
military  system. 

INTRODUCTION 

Semiconductor  memories  offer  numerous  advantages  as  a  replacement 
for  core  memories  in  future  military  systems.  Lower  cost,  improved 
performance,  higher  reliability,  and  greater  maintainability  are  just 
a  few  of  the  potential  advantages  of  a  random  access  memory  system 
utilizing  Large  Scale  Integration  (LSI)  devices.  Studies  conducted  on 
the  developments  in  the  semiconductor  industry  have  indicated  that 
existing  random  access  memory  devices  are  feasible  both  technically 
and  economically  for  use  in  military  mainframe  applications.  A 
militarized  8,192  word  by  33  bit  semiconductor  memory  system  has  been 
developed  and  evaluated.  The  system  uses  MOS  (Metal -Oxide-Semiconductor ) 
devices  for  data  storage,  and  is  functionally  equivalent  to  an  existing 
core  memory  module.  The  feasibility  of  such  a  system  has  been  proven 
by  Successful  performance  in  iaboratoiy  evaluation  and  six  months  of 
continuous  usage  in  a  militarized  computer  system. 

The  computer  system  used  for  evaluation  is  a  military  command 
and  control  data  processing  system  produced  by  Litton  Data  Systems 
for  the  IF.  S.  Army.  Its  requirements  are  typical  of  ground  based 
transportable  equipment.  The  system’s  basic  memory  module  is  an 
8K  word  by  33  bit  core  memory  having  an  access  time  of  700  nsec  and 
a  cycle  time  of  2  usee.  The  entire  system  is  cooled  by  forced  air, 
and  will  operate  over  a  temperature  range  of  -30  C  to  +55  C. 
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The  introduction  of  1024  bit  nemory  devices  during  the  past 
two  years  made  possible  the  development  of  a  cost  effective  memory 
system  which  could  replace  the  core  system.  The  basic  design 
requirements  established  for  the  LSI  Memory  for  use  in  this  system 
include : 


1.  Memory  device  selected  must  have  multiple  sources. 

2.  Exceed  performance  parameters  of  the  existing  core 
memory  system. 

3.  Memory  system  nonvolatility. 

The  latter  item  has  been  a  primary  argument  against  the  use  of 
semiconductor  memories  as  mainframe  storage.  For  most  system  appli¬ 
cations  protection  is  necessary  only  for  power  transients  of  short 
duration.  In  real  time  applications  when  prime  power  is  lost,  tl^e 
stored  data  is  invalid  after  a  specific  period  of  time.  After  power 
is  restored,  it  is  necessary  to  update  the  information  stored  in 
memory.  Important  programs  and  data  are  normally  stored  on  tape, 
drum,  or  disc  and  reloaded  whenever  prime  power  is  cycled.  Therefore, 
nonvolatility  for  a  long  period  of  time  is  not  necessary  for  the  high 
speed  mainframe  memorios.  The  developed  system  is  provided  with  a 
battery  to  allow  data  to  be  retained  when  prime  powe,.  is  interrupted. 

A  one  hour  minimum  nonvolatility  requirement  was  established  for  the 
program. 

The  MOSTEK  4006  device  was  selected  as  the  storage  element  for 
the  system  after  a  careful  analysis  of  available  devices.  The  study 
included  the  evaluation  of  the  specific  technologies,  laboratory 
testing  of  devices,  and  a  system's  cost  vs.  performance  study.  Bi¬ 
polar  and  .Static  MOS  devices  were  eliminated  early  in  the  investiga¬ 
tion  because  they  are  not  cost  effective  for  most  mainframe  system 
application.  The  MOSTEK  device  is  a  1024  bit  dynamic  P  channel  MOS 
device  utilizing  Ion  Implantation  processing.  Table  1  contains  a 
summary  of  the  device's  characteristics. 


SYSTEM  DESCRIPTION 

The  MOS  mCiTiQry  is  divideu  iulo  four  functional  areas  which 
consist  of  the  Port  Logic,  Timing  and  Control,  Memory  Array  and 
Power  System,  This  is  illustrated  in  Figure  1. 


The  Port  I.ogic 
and  the  processing 
designed  to  handle 
is  resolved  by  the 
is  channeled  to  or 


provides  the  interface  between  the  Memory  Array 
units  accessing  the  memory.  This  interface  is 
requests  from  up  to  four  processors.  Priority 
Port  Logic  for  simultaneous  requests,  and  data 
from  the  selected  processor. 
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The  Timing  and  Control  card  accepts  memory  cycle  requests 
from  the  Port  Logic,  and  provides  the  required  timing  signals  for 
all  memory  operations.  Since  the  storage  elements  are  dynamic  MOS 
devices,  the  stored  data  must  be  periodically  refreshed,  A  low 
frequency  temperature  varying  oscillator  is  provided  on  tJ»e  Timing 
card  to  periodically  request  Refresh  cycles.  At  lower  temperatures 
the  memory  devices  require  less  frequent  refreshing,  and  the  oscil¬ 
lator  frequency  is  automatically  reduced.  Logic  on  the  card  resolves 
priority  between  normal  memory  and  Refresh  cycle  requests  and 
initiates  the  proper  timing. 

The  Memory  Array  consists  of  the  entire  8K  word  by  33  bits  of 
storage  and  is  contained  on  eleven  circuit  cards.  Each  card  is 
organized  8192  words  by  3  bits,  and  contains  24  memory  chips,  address 
buffers,  sense  circuits,  a  data  register,  and  a  power  switch.  The 
power  switch  greatly  reduces  system  power  by  reducing  the  voltage 
across  the  memory  devices  not  being  accessed.  The  Memory  Array  card 
is  shown  in  Figure  2. 

As  indicated  in  Table  1,  the  MOSTEK  4006  operates  on  +5  and  -12 
volts,  and  has  a  basic  access/cycle  time  of  400/650  nsec.  Figure  3 
indicates  how  the  device  is  organized.  ITie  chip  consists  of  c*.n 
array  of  1024  memory  cells  organized  into  32  rows  by  32  columns. 

To  access  a  particular  location,  5  binary  address  bits  are  decoded 
to  select  a  particular  row  of  32  memory  cells  and  5  additional  bits 
are  used  to  select  one  cell  of  the  32. 


A  basic  memory  cell  is  a  3  MOS  transistor  circuit  configured 
as  shown  in  Figure  4,  Information  is  stored  as  charge  on  the  gate 
capacitance  of  transistor  Ql.  Because  the  gate  is  not  a  perfect 
capacitor,  charge  is  continually  leaking  off,  and  it  is  necessary 
to  periodically  replace  this  charge  or  Refresh  the  cell.  This  is 
accomplished  by  first  reading  the  data  from  the  cell  onto  the  Read 
Bus,  and  into  a  Refresh  Amplifier  which  restores  the  data  on  the 
Write  Bus.  Data  is  restored  to  the  gate  of  Ql  by  enabling  Q3.  Bach 
device  contains  32  Refresh  Amplifiers,  one  per  column,  and  32  locations 
are  refreshed  simultaneously.  The  entire  array  is  refreshed  by 
cycling  through  the  32  row  addresses  and  performing  a  Write  cycle  or 


Refresh  cycle  at  each  address.  A  Refresh  cycle  consis 
cycle  with  the  chip’s  input/output  circuitry  disabled 
writing  of  erroneous  data. 


to 

to 


of  a  Write 
prevent  the 


The  Power  System  provides  the  necessary  power  for  the  memory. 

It  receives  input  power  from  two  sources,  a  primary  source  of  270VDC 
and  a  secondary  (battery)  source  of  24  volts.  Tlie  primary  source 
provides  power  necessary  for  normal  memory  operation.  If  prime  power 
is  lost,  th-  -cjndary  power  source  provides  the  power  necessary  to 
retain  previously  stored  data  until  primary  power  can  be  restored. 
During  the  data  retention  mode  of  operation,  power  is  applied  to  only 
those  circuits  required  to  retain  information.  The  LSI  Memory  is  shown 
in  Figure  5,  and  Table  2  lists  the  basic  characteristics  of  the  system. 
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SUMMARY 


The  feasibility  of  MOS  memory  devices  for  military  mainframe 
application  has  been  demonstrated  by  the  development  and  evaluation 
of  a  militarized  memory  system.  The  unit  has  been  successfully 
tested  over  the  temperature  range  of  -30  C  to  +70  C,  and  used  in 
multiport  modes  of  operation. 

The  improved  performance  and  maintainability  of  the  LSI  Memory 
make  it  a  desirable  replacement  for  the  existing  core  system.  The 
faster  access  and  cycle  times  provide  increased  processor  throughput, 
and  the  modular  design  simplifies  fault  isolationo  Maintenance  costs 
are  reduced  because  of  improved  reliability,  simplified  fault  isolation, 
and  the  lack  of  expensive  spare  items  (i.e.  corestacks). 

The  results  of  the  LSI  Memory  program  have  been  very  encouraging. 
Careful  evaluation  of  both  device  characteristics  and  system  require¬ 
ments  is  extremely  important  when  selecting  components  for  a  particular 
application.  The  devices  can  be  operated  over  an  extended  temperature 
range  without  affecting  their  reliability.  Semiconductor  memory  devices 
offer  too  many  advantages  to  be  ignored  because  of  the  label  "limited 
temperature  range",  and  should  be  given  careful  consideration  for  use 
in  future  command  and  control  data  processing  systems. 
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lable  1 


Characteristics  of  MOSTEK  4006  Device 


Parameter 

Characteristic 

Technology 

Dynamic  P  Channel  MOS; 

Ion  Implantation 

Organization 

1024  X  1 

Voltages  Required 

+5  ±5%  volts,  “12  ±5%  volts 

Access/Cycle  Times 

400  nsec/400  nsec  (READ) 

650  nsec  (WRITE) 

Refresh  Period 

2  Msec 

Input  Signals 

5  volt  level  signals 

Output  Signal 

Current  sensing  required; 

1  mA  minimui.; 

Mayimiira  Pov/er 

Dissipation 

4SU  mW  (operating) ; 

50  mW  (stanby) 

Package 

16  Pin  Ceramic  Dip 

Specified  Operating 
Temperature  Range 

o'‘^C  ^  T  ambient  4E  70^C 
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Table  2 


— — ^^cteristics  of  LSI  Memory  Sys t em 


Parameter 

Capacity 

Interface 

Non volatility 

Operating  Temperature 
Range 


Characteristic 

8192  words  X  33  bits; 

Randuin  Access 

Multiport  with 

Priority  Network;  Bidirectional 
Data  Lines 

1  Hour 

-.30  C  ^  T  ambient  ~  70*^C 


Access/Cycle  Time 
Prime  Power 


660  nsec/1.2  usee 
Read  or  Write  Cycle 

270  VOC 


Power  Dissipation 


Size 


Weight 


65  watts  (normal  operation)., 
16  watts  (data  retention) 
Excluding  Converter  Losses 

Approximately  22’'  X  6”  X  13'’ 

Approximately  60  lbs. 
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